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Abstract 
Large electrical transformers used in the power industry contain Kraft paper insulation 
impregnated with mineral oil. The paper is known to deteriorate within a transformer and 
leaves it vulnerable to stresses generated by thermal, mechanical and electrical transients. 
The condition of power transformers is currently monitored by dissolved gas analysis, 
using empirical relationships developed in the 1950's and 60's. This work shows that 
insulation life can be estimated from experimental measurements of the degree of 
polymerisation (DP) of the paper, at elevated temperatures,. extrapolated to working 
temperatures. The degradation kinetics were complex and do not follow a simple zero or 
first order process. A better understanding of the degradation kinetics and mechanisms are 
needed to develop accurate lifetime prediction models. 
Laboratory experiments were used to simulate the degradation behaviour of Kraft paper in 
a transformer. The condition of the paper was analysed by chemical and physical 
techniques- the DP of the paper by viscometry, BPLC of the degradation products 
(furans), size exclusion chromatography (SEC) and the mechanical strength of the paper. 
A degradation model was developed using computer modelling techniques to incorporate 
the DP and mechanical strength with respect to time, under different ageing conditions. 
The DP was directly related to the mechanical strength, which ultimately determines the 
life of the paper. The degradation kinetics of Kraft paper are related to the individual 
reactivity of each inter-monomer bond. The degradation mechanism focused at the centre 
of the molecular weight distribution until it reached a threshold where the MWD moved 
slowly to lower molecular weight and the production of furfural was found to proceed via 
two mechanisms. 
The kinetic model developed in this thesis may be used to predict the remaining life of 
artificially aged insulation paper. Farther development should allow the prediction of the 
remaining life of insulation paper within operational transformers, which would be of 
immense economical benefit to the power industry. 
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Chapter 1: Introduction 
I. I. Introduction 
Large electrical transformers used in the power industry contain paper insulation impregnated 
with mineral oil. The paper used is made from the Kraft process and has a matted brown 
appearance. The thickness of paper used varies from 30 to120ýtm and several layers (up to 15) 
are wrapped around each copper conductor to Insulate each turn from the next. The Kraft 
process was developed by the German chemist, Carl F. Dahl in 1884 and involves defignifying 
wood pulp by treating with sodium hydroxide and sodium sulphate. During the process the 
degree of polymerisation (DP-average number of repeat units in a polymer chain) of the 
cellulose within the pulp is reduced from 20,000+ to 1000 - 1300 (Fallou, 1970; Shroff and 
Stannett., 
- 1985). The natural moisture content of the paper 
is approximately 6% and the 
insulation paper used in a transformer has to be dried before service. The DP is reduced to 
about 950 during the drying process (Shroff and Stannett, 1985), which can take 10-16 days in 
a vacuum at 95-100'C or 2-3 days in a fight oil vapour at 130-140'C. The final moisture 
content of the paper is less than 0.1%. 
Kraft paper is used in preference to other paper types due to its high purity. It is prepared for 
the electrical industry to a specific electrical resistivity, by ensuring there are no metal ions 
present within the pulp that could reduce its resistivity. The combination of paper and oil has a 
higher dielectric constant than either component alone and therefore acts as a good insulator. 
Kraft paper is a cheap source of insulation, which is important considering the quantities 
involved (12 tomes in a typical three phase transformer and 40 tomes of oil). It is also used in 
preference to a synthetic material because it is inert to the mineral oil, which reaches 
temperature's of 70-80'C during operation. Kraft paper consists of approximately 90% 
cellulose,. 6% lignin and the remainder is made up of hemicelluloses. Lignin is a polymer with 
phenylpropane units, linked to each other by carbon-carbon and ether bonds. It fon-ris complex 
structures with ceflulose through hydrogen and ether bonding (Watanabe et al., 1989). 
Hemiceffuloses are water soluble polysaccharides similar to cellulose. 
Paper gets its strength from the intermolecular hydrogen bonds between the cellulose chains, 
which also produce a semi-crystalline structure. 
2 
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Cellulose 
Cellulose is a linear condensation polymer of glucose units joined together by 0-1,4-glycosidic 
bonds. Each glucose unit has a molecular weight of 162. The pyranose rings are in the 4CJ 
conformation, which means that the CH20H and OH groups as well as the glycosidic bonds are 
equatorial with respect to the plane as shown here. 
Figure 1-1 
HO 
H 
HO 
, _, j 00 
OH 
CH20H 
n-2 
The molecular weight of cellulose is dependent on the source and the treatment. A more 
commonly used term for the molecular weight is the degree of polymerisation (DP). 
The paper is known to deteriorate within electrical transformers and leaves it vulnerable to 
stresses generated by thermal, mechanical and electrical transients. Water, heat and oxygen 
degrade the paper, reducing the degree of polymerisation from an initial value of approximately 
1300 and the strength of the paper decreases with DP. The paper is expected to last the 
lifetime of the transformer (25-40 years), but at a DP of 150-200 the mechanical strength of the 
paper can be reduced to 20% of its initial value (Fabre et al., 1960). This point is regarded as 
the end of life criterion for transformer insulation, because the paper loses all its mechanical 
strength, although its dielectric constant is not greatly effected. Degradation of the paper can 
cause the transformer to fail as follows: the brittle paper can break away from the transformer 
windings and block ducts, local carbonising of the paper increases the conductivity to cause 
overheating and conductor faults. Ageing of the paper insulation determines the ultimate fife of 
the transformer. However, other factors can cause the transformer to fail earlier. In order to 
understand the ageing of paper within a transformer one must understand the chemical 
processes that occur during cellulose degradation and it is the aim of this thesis to clarify some 
of the chemical and kinetic uncertainties. 
CH20H H CH20H 
0 HO 0 
", j "0 10 HO 0 HO 
H CHý>OH H 
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Polymer Degradation 
A polymer is a molecule made up of monomer units which repeat themselves along the 
chain. The degradation of natural and synthetic polymers is dependent on time and the 
conditions of ageing on the functional groups within the chain. There are two general 
types of polymer degradation processes, random scission and depolymerisation. 
* Random degradation is where chain rupture occurs at random points along the chain. 
The products are fragments of the initial polymer. 
9 Depolymerisation is successive depropagation (or unzipping) of monomer units, this is 
the reverse of chain polymerisation. 
Initiation of either process will vary from polymer to polymer, but may involve radicals. 
Initiation could be induced thermally or by ultraviolet light, ozone, oxygen and may 
specifically attack in the centre of the chain, at the chain ends or at a weak link. A weak 
link is a highly stressed bond where, for instance, the polymer chain doubles back on itself 
(Billmeyer, 1984). 
I. Cellulose Degradation 
Transformers operate at temperatures of 60-80'C and can reach 120'C under extreme 
conditions. Water and the build up of acids (from degradation of the paper and the oil 
respectively) accelerate the degradation process. Oxygen dissolved in the oil also attacks 
the paper insulation. Therefore the paper/cellulose within the transformer can degrade via 
the combination of three mechanisms, hydrolytic, thermolytic and oxidative. 
Most of the research into the chemical mechanisms of cellulose degradation has been based 
on high temperature pyrolysis often with reference to cigarette paper or aqueous acid or 
alkaline degradation with respect to cotton processing and material ageing. Nevell et al. 
(1985) have reviewed the vast literature on the acid/alkali degradation of cellulose. Some 
of the mechanisms associated with thermal degradation are briefly explained here. 
4 
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1.3.2. Mechanisms of Cellulose Degradation 
The mechanism for the thermolytic degradation of cellulose is not fiffly understood. Many 
mechanisms have been proposed by various authors (Shafizadeh and Lai, 1972; Byrne, 1966'. 
Kilzer and Broido., 1965; Golova et al.,, 1957; Schwenker and Pascu, 1957). There is little 
experimental evidence to support the proposed mechanisms and most resemble a retrosynthetic 
analysis, in which the author(s) have based their mechanism on possible routes that would be 
taken to synthesise cellulose from the known degradation products. These are explained in 
further detail in section 1.3.4. later in this chapter. Cellulose degradation products can be used 
as indicators to estimate the condition of the paper insulation in a transformer e. g. 2- 
ffiraldehyde (also known as furfural) is commonly used, as will be explained in more detail in 
the section- Monitoring the Condition of a Transformer). Therefore the mechanisms shown 
here will concentrate on the formation of furfural and related products. 
1.3.3. Degradation Products 
Identification of degradation products is based on data from high temperature pyrolysis of 
cellulose (in excess of 175'C), where Gas Chromatography (GC) and GC-Mass Spectroscopy 
techniques can be used. Wodley (1971) foundmi excess of 50 different compounds, including: 
Carbon dioxide, carbon monoxide, water, levoglucosan/1,6-anhydro-o-D- 
glucopyranose, finfural, other furans, ketones, phenols and alcohol's. 
Perhaps the most important of these are, levoglucosan and 2-furaldehyde, since fin-fural 
is found in transformers (Burton et al., 1988) and levoglucosan is regarded (Shafizadeh 
et al.,, 1972) as an inter-mediate in its formation. 
CH C 
H 
UCHO 
0 
1,6-anhydro-o-D-glucopyranose 2-furaldehyde 
5 
OH 
Chapter 1: Introduction 
Cellulose degrades to form a variety of products, Shafizadeh (1968) postulates a general model 
to indicate the routes to the degradation products. 
Figure 1-2 
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Shafizadeh's Degradation Model 
The cellulose chains are assumed to break at the glycosidic link and then degrade, via 
intermediates,. to form compounds such as finfural; one such intermediate may be levoglucosan. 
Kilzer and Broido (1965) believed that cellulose dehydrates initially (i. e. the dominant 
mechanism is loss of water, brought on by chain scission), until it approaches a DP of 200. At 
this point volatiles are produced at higher rates, such as levoglucosan and thus furfural. 
The cleavage of the glycosidic bonds (the carbon oxygen link) has been shown to be both 
homolytic and heterolytic. The homolytic degradation is believed to go via a free radical 
mechanism and evidence for this route has been proposed by Kislitsyn (1971) and Arthur 
(1966). Shafizadeh (1972) and Byrne (1966) et al. support the view that scission is heterolytic 
separation, via carbonium ion intermediates. Shafizadeh believed that variations in the electron 
density of the glycosidic bond would favour a heterolytic mechanism. Kislitsyn (1971) has 
shown that adding a free radical inhibitor to the pyrolysis probe causes a reduction in the 
fortnation of levoglucosan. A similar reduction was seen when glucose was added to cellulose 
prior to pyrolysis (Golova et al., 1957), due to blocking of the free radicals. Arthur studied the 
ESR (Electron Spin Resonance) spectra of cotton cellulose and showed the presence of free 
radicals. 
The structure of cellulose is also said to influence the rate of degradation. It is senii- 
crystalline, with areas of high crystallinity separated by areas of low crystallinity 
(amorphous). The amorphous regions are said to degrade quicker than the more 
crystalline regions (Erofeev et al., 1982) and even in the amorphous regions there are said 
6 
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to be areas that are more reactive than others. The existence of weak links within the 
cellulose chain have been proposed to explain initial rapid degradation rates before a 
steady rate was achieved (Chang, 1974; Manley, 1963, Schultz, 1948; Figini et al., 1981; 
Erofeev et al... 1982 and Testa et al.,. 1994). A weak link where the cellulose chain folded 
(every 30 units) was proposed by Chang (1974) which coincided with the fibril lengths of 
30nm. Other reports have suggested a weak link every 500 units (Schultz, 1948). The 
degradation rate of crystalline regions of cellulose is lower due to the higher degree of 
order within the cellulose chains reducing accessibility of ageing agents and the increase in 
strength induced by crystallinity. 
-D - 
-Research 
has shown (Byrne et al.., 1966; Kilzer and Broldo, 1965; Golova, 1957; Halpern and 
Patai, 1970) that the degradation products and mechanism involved valy with the morphology 
of cellulose,, as mentioned above,, i. e. the degree of crystallinity is important. Authors believe 
that at least two mechanisms occur and some of the important observations are briefly outlined 
as follows. 
Crystalline regions of cellulose are said to produce fewer volatile products than amorphous 
areas (Byrne, 1966). By-me (1966) and Golova (1957) believe that the crystallinity is linked to 
the conformation of the glucopyranose unit and this influences the degradation products. The 
boat form is said to exist in crystalline regions and the formation of levoglucosan is favoured in 
these areas. Kilzer (1965) argued that dehydration would be more likely to occur in crystalline 
areas. Halpern and Patai (1970) have shown that the DP of amorphous cellulose, held at 
175'C, changed very little until the crystallinity increases, then the DP dropped to 
approximately 200. Madorsky (1956) proposed that levoglucosan can be formed in two ways, 
via anhydrosugars or directly from the cellulose chain and the exact degradation route may be 
influenced by morphology differences. 
1.3.4. Furfural Formation 
Because of the importance of furfural in transformers, possible mechanisms are reviewed. A 
direct route (from the chain) was initially proposed by Golova (195 7) and further developed by 
7 
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Kislitsyn (197 1). Cleavage of the cellulose chain is initiated by the -CH2-OH attack on the 
glycosidic link. The end group rearranges before a further glycosidic bond breaks to yield 
levo, c,, Iucosan. 
Mechanism Proposed by Golova (1957) and Kislitsyn (1971) 
Figure 1-3 
OH CH OH 
HO 
o---- 
0 
CH20H0H00H 
f- 0, 
0H 
HO 
0 
00 
CH 2 OH 
CH 2 
HO 
OH 
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OH \ 
HO 
OH 
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c2 OH 
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c2 OH 
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-' 
CH 2 OH 
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, 
OH CH20* 
H 0- 0H00H 
H CH 2 OH 
0 
CH 2- 0 
H OH 0H 
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OH OH 
Gardiner (1966) and Byme (1966) believe that the glucopyranose rings undergo a I= 
confonnational change before degradation to levoglucosan. 
HO OH 
H 
0---- 
C 
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Mechanism Proposed by Gardiner (1966) and Byrne (1966) 
Figure 1-4 
-. nit 
fl 
Cse 
yc0 
H0 ICH, HO 
zý 1 
-! 
I 
Dcc --y rc n, ---, se (end-g-oup) 
I 6-cnhy(ýýo-o 1,6-crýhydrc-rý- 
D-clucofurcnose D-clucopyronose 
This mechanism indicates that degradation is via the formation of levoglucosan chain end-group 
(thus reducing the DP) which then cleave to form levoglucosan. molecules. Note that flirfural, 
can now form by decomposition of 5-hydroxyl-methyl-fin-fural. 
9 
-4 __________ 
", - hyd roxy- 
methyl 
II -ý rf u rc 
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Shafizadeh (1979) agreed with Gardiner (1966) that a conformational change is required for the 
'Iransglycosylation"). A conformational change reduces any steric hindrance of the functional 
groups of the chain and thus degradation to levoglucosan. This flexibility is probably achieved 
by loss of hydrogen bonding at higher temperatures. However Shafizadeh (1979) also 
proposed that levoglucosan is formed via anhydrosugars or from the chain end groups. 
Mechanism Proposed by Shafizadeh (1979) 
Figure 1-5 
CE LIL. 
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HO 
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'i 6-onhydr-I-ýe 
/. Z 
ý, u rc n ose) 
OH 01--, 
11 
. (5---n-)vdride (pyrc nose-') 
0 
6-d'Icnydride 
HO 
2-cnnydHde 
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The formation of firfural has been studied by Shafizadeh (1972) and Houminer (1969). They 
used 14C labelling of levoglucosan and D-glucose respectively. The compounds were labelled 
at different carbons and thermally degraded. The products formed were separated and analysed 
to elucidate the mechanistic route by which they were formed. Furfural was formed by two 
difIerent routes. Approximately 80% (route A) of the furfural formed by both researchers 
contained CI-C5 whereas only 2(YYo (route B) contained of C2-C6. This supports the view 
that two mechanisms occur, but no indication has been made that these observations are related 
to the morphology of the cellulose, of course neither could occur directly from the cellulose 
chain suggested by Golova (1957), because they were only using monomers. 
Degradation Routes of Carbon Labelled Glucose (Houminer, 1969) 
Figure 1-6 
- 
H 
fl 
OH 
4 
6 
5 5N 2 -HC 
HCCH. ---< -CHO 
S 
HH 
'« 
21L 
-HCHO 
5» »4 1 
H' H 
/ 
NCHO 
The chemical mechanisms involved with cellulose degradation were not studied, however it is 
hoped that work being carried out by Whittingham. (1996) at Leeds university will allow similar 
studies to be canied out on cellulose. They have been investigating the synthesis of cellulose 
using bacterial growth of 13C labelled glucose, to be used in degradation experiments to study 
the degradation mechanisms, using solid state and solution nmr. 
11 
Chapter 1: Introduction 
Transformer Failure 
Stevens and Cox (1990) recorded a failure rate of 1.2 transformer units per annum (570-660 
MVA generator transformer) in the ten years up to 1988 with the rate of failure increasing, 
although not all of the faures can be attributed to the ageing of paper insulation. The 
following failure mechanisms which might be attributed to paper insulation have been reported 
by Gibbons (1988); 
loss of strength leading to tearing as a result of movements due to stresses or local 
movement of the windings 
" bridging of oil gaps by charred fibres 
" local carbonisation of the paper 
" blocking of oil ducts by pieces of paper 
formation of gas bubbles in the oil or beneath the paper as a result of gas evolved at sites of 
rapid degradation (hotspots) 
Other failure causes cited in the literature attributed to paper insulation are; 
loss of strength due to 
* reduction of DP during initial drying 
* stresses induced by shrinkage (which can be Mi excess of 10% (Karsai et al., 1987) 
of the paper during drying 
fibrous material in the oil will align itself in the electric fields causing a short circuit (Karsai 
et al.,, 1987) 
thermal instability as a result of decreased resistivity due to increased moisture build up 
(Shroff, 1973) 
Some catastrophic failures have been reported where severe over heating appeared to have 
generated large amounts of hydrogen or hydrocarbon gas due to the excessive rates of 
degradation of oil or paper (Kovacs et al., 198 1) 
12 
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1.5. Monitoring the Condition of a Transformer 
In order that a transformer can be removed from service before any failure can occur, the state 
of the unit needs to be monitored and assessed. There have been numerous methods employed 
for condition monitoring of transformers, such as: 
" partial discharge 
" loss tangent 
" d. c. resistance 
o oil acidity 
9 oý moisture content 
dissolved gas analysis (DGA) 
degree of polymerisation (DP) 
9 furftiral in ofl 
o tensfle strength 
Of these,, DP,, fin7fural analysis and tensile strength of the paper are specific to the paper 
degradation. DGA monitors degradation of both oil and paper 
1. Dissolved Gas Analysis (DGA) 
DGA is the most widely used technique to monitor the condition of a transformer. This 
technique has been reviewed extensively in the past (Ishii and Namba, 1970; Hardy et al., 
1972; Duval, 1989 & Halstead, 1973). Dissolved gases in the transformer oil are extracted 
under vacuum and analysed using Gas Chromatography. Carbon monoxide, carbon 
dioxide, hydrogen and short chain hydrocarbons - methane, ethane, ethene, ethyne etc. are 
analysed. The ratios of different hydrocarbons provide an early indication of overheating 
and thus can be used to monitor any imminent transformer failures. Normal gas levels in 
power transformers have been quoted as: 
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Gas Concentration 
MIA 
hydrogen 75-200 
carbon monoxide 500-1000 
methane 25-100 
ethane 15-250 
ethene 10-30 
ethyne 10-15 
(Davies, 1971; Hardy et al., 1972, Barraclough et al., 1973). 
Methane and ethane levels (from the oil) increase when the transformer overheats whereas 
high levelsOf C02 and CO indicate thermal degradation of cellulose (Kelly et al., 1982 & 
Duval et al, 1989). 
1.5.2. Molecular Weight and Tensile Strength 
The molecular weight (DP) of the paper can be used to monitor its physical state and hence the 
extent of ageing. The DP is related (though not linearly) to the mechanical strength of the 
paper (Fabre and Pichon, 1960; Brummet, 1964; Bouvier, 1970; FaHou, 1970; Skubala, 1974, 
Oommen and Arnold, 198 1; Yoshida et al., 1987) and is measured from the viscosity of paper 
in solution. However analysing paper from a working transformer is difficult. The paper must 
be removed from the transformer whilst it is not operating, whereas sampling the oil from a 
transformer is relatively easy, due to the availability of drain taps on most units. In order to 
monitor the state of the paper, the oil is analysed for furan related products, as well as dissolved 
gases. 
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Furfural Analysis 
Degradation of cellulose produces furans (Shafizadeh, 1985; Conley, 1970; Byme, Gardner and 
Holmes, 1966). Particular furans formed are 2-furaldehyde (furfural), 5-Methyl-2-furaldehyde, 
2-Acetylfuran and finfuryl alcohol. 
Figure 1-7 
2-furaldehyde 
UCHO 
0 
Furfuryl alcohol 
UCH20H 
0 
5-Methyl-2-furaldehyde 
H3C 
1""*ý 
CHO 
0 
2-acetylfuran 
C 
COCH3 
0 
These products have been detected in working transformers (Burton et al., 1988) as well as in 
laboratory degradation experiments (Burton, 1984; Schroff and Stannett, 1984; Fuller and 
Fairhohne,, 1983; Unsworth and Mitchell, 1990), because they are soluble in the impregnating 
mineral oil. The furans are extracted from the oil and their concentration determined by High 
Performance Liquid Chromatography CHPLC). Empirical correlation's of DP with ffirfural 
have been developed (Burton, 1984; Shroff and Stannett, 1984), which showed that the log DP 
is inversely proportional to furfural concentration. Unsworth and Nfitchell (1990) have 
correlated finfural formation with tensile strength with little success, there appeared to be too 
much scatter in the data. DGA and furfural analysis have been combined as a means of 
detecting degradation hotspots caused by over heating (Burton et al., 1988). A potential 
problem with furfural analysis for condition monitoring, is that the molecule is polar and tends 
to hydrogen bond with paper and absorbs on it, thus the amount in the oil may only be a 
fraction of the total amount. 
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Kinetics of Kraft Paper Degradation 
The temperature, oxygen and water content of the environment effect the rate at which the 
paper degrades. There are many reports in the literature that have tried to quantify the 
degradation rates with respect to water, oxygen and temperature and they have been 
reviewed by Emsley (1994a, 1994b) for transformer operating conditions. Other factors 
such as electric fields and the oil degradation products are of secondary importance (Fabre 
and Pichon, 1960). 
1.6.1. Deriving the Rate of Degradation 
Homogeneous acid catalysed degradation of cellulose was amongst the first polymer 
degradation processes to be analysed kinetically (Kuhn et al., 1930 & Ekenstam, 1936). It 
is said to occur via random degradation, where the number of bonds broken per unit time 
remains constant providing the total number of bonds is large compared to the number 
broken. 
The kinetics equations can be derived for these conditions as follows: 
For simple reactions, the rate of a chemical reaction is proportional to the concentration of 
reactants and if the reverse reaction was possible then its rate is inversely proportional to 
the products. However, polymer degradation reactions are generally irreversible. 
Therefore for a reaction: 
A-). B+C 
the rate of the degradation reaction is- 
dA 
dt 
k *[A]' 
assuming a first order reaction (i. e. n equals 1) then integration between limits gives 
[A] = [Ao]e-' 
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Where: 
k= the reaction rate constant 
concentration at time t 
[Ao] = initial concentration 
n= overall reaction order 
The reaction order is with respect to [A] in this example In the literature, cellulose 
degradation has been analysed as either a first or zero order kinetic model. Both have 
been studied in detail, - 
but as will be shown both can be simplified to give a similar 
mathematical relationship. Emsley (1990) reviewed the available literature into the 
kinetics of degradation of paper insulation, and calculated rates of ageing and expected 
insulation lifetime on a pseudo first order model. Recently FEII (1995a) has assumed a 
zero order model as the basis for insulation degradation. 
Most analyses of degradation have been based on the work of Kuhn and co-workers 
(1930), which was extended by Ekenstam (1936) to relate rates of degradation to DP. 
Ekenstam considered random, first order chain scission and showed a direct relationship of 
reciprocal DP with time. The converse logic is now often applied that if degradation 
follows a reciprocal DP relationship then it must involve a random chain scission process. 
The basis of Kuhn's and Ekenstam's work is explained below in terms of the statistics 
behind the scission of bonds within a polymer chain and the distribution of product chain 
lengths. The main assumptions behind their models are that the molecular weight 
distribution is monodisperse and that every bond within the polymer is identical. Therefore 
every bond has the same probability of breaking. 
The rate of polymer degradation can be expressed as follows. [A], the reaction 
concentration is replaced by the number of unbroken bonds remaining in the polymer 
sample. If the initial number of polymer molecules is M[o and the initial, total number of 
monomer units is No. Then the initial number of inter monomer bonds (1o) is: 
= N0 - M0 = N0 N0 
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Since,, 
DPO - 
No 
MO 
Io =No I- - Tp-o, 
) 
once degradation has commenced the number of monomer bonds will decrease and the 
number of unbroken bonds at time t is- 
pt 
If the kinetics are first order,, then the rate of monomer bond degradation is, 
W, 
k *I, 
dt 
I, = I. e- k-t 
which is equivalent to 
logI, - logl,, = kt 
substituting for 1, and 10 
log I- -Bp-t log I- -bp-O) = -kt 
Mathematically, this equation can be simplified if DPO and DPt are large to 
I- I- 
=k DP, DP, 
If a zero order model is adopted then- 
X, 
=k dt 
on integrating gives: 
I, =I,, -k*t 
on substituting It and 1,, as before 
No I =No I -k*t -B P--t -) -i ýP-o -) 
On reaffanging: 
I_I= 
DP, DPO 
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The rate equations are the same since the mathematical approximation: log(I-I/DP) = 
I/DP is equivalent to a chemical approximation to a zero order reaction, because the DP is 
assumed to be large and therefore, effectively, constant. This relationship has been used 
by a number of workers to describe cellulose degradation such as Bouvier, (1970); Fung, 
(1969); Major, (1958); Shafizadeh and Bradbury, (1979) and Hill et al. (1995a) and 
Emsley and Stevens (1994b) have shown that it holds for the majority of the data available 
in the literature for degradation of Kraft paper under a variety of conditions. Cý 
1.6.2. Factors Effecting the Rate of Degradation 
Emsley (1994a, 1994b and 1996) reviewed the chemical mechanisms involved in cellulose 
degradation and the factors that effect the degradation rate. The following section 
describes some of the important points mentioned in those reviews and further, more 
recent work. 
The temperature at which a transformer operates will effect the rate of degradation. The 
rate of most chemical reactions doubles every 2-25'C, depending on the activation energy. 
Reported activation energies for cellulose aged in oil vary from 85 kj/mol (Bouvier, 1970, 
Fallou, 1970) to 120 W/mol (Skubala, 1974). Emsley calculated an average activation 
energy of 111 ±6 U/mol for all the available literature, using the assumption that the rate 
of degradation approximates to zero order. There have been reports that the rate increases 
significantly above 140'C (Yoshida et al., 1987), due to a change in the activation energy 
or the pre-exponential factor of the Arrhenius equation. Potential oxidation of the paper 
greatly effects the pre-exponential factor (Emsley and Stevens, 1994), i. e. any residual 
oxygen in a so called oxygen free environment will affect the Arrhenius parameter Z_ý 
significantly. Zou et al. (1994) associated an increased rate above 140'C with thermal C 
degradation of cellulose and assumed that below this, the dominant mechanism is 
hydrolysis. 
Moisture will increase the rate of degradation. At the beginning of a transformer's life, the 
Kraft insulation contains less than 0.1% and the oil is also dried. The moisture levels 
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within the transformer increase to 4-8% during its lifetime (Fallou, 1970). Fallou (1970) 
showed that the rate of degradation of the paper at 4% moisture was 20 times greater than 
that at 0.5% moisture. So,, as the transformer ages, the rate at which the insulation 
deteriorates increases. 
Oxygen will also accelerate the degradation reaction. If the oxygen level is held below z:: ) 
2000ppm the rate of degradation is five times lower than that of a free breathing 
transformer (which can reach )7 30 000ppm as a result of dissolution of gas from the air). 
Extracting the oxygen to below 300ppm, using for example semi-permeable membranes 
can reduce the effect to a sixteenth of that of normal operating conditions (Cox, 1989). 
Therefore it is important to calculate the effect of oxygen on the overall degradation 
model. 
The structure of cellulose is also said to influence the rate of degradation, as mentioned 
earlier in this section. 
Life Prediction 
No satisfactory life prediction model has yet been formulated for transformer insulation. 
The transformers operate under different conditions of temperature, water content, oxygen 
content etc. Therefore a model needs to take into account these variables in order to 
predict the life of a particular transformer. 
Different "rules" have been postulated over the years, Fabre and Pichon (1960) developed 
the I O'C rule, where an increase in ten degrees would halve the life expectancy of the 
transformer. Others have suggested 8'C (Montsinger, 1930) and 6'C (Karsai et al, 1987). 
These values have been derived using the Arrhenius theory of kinetics. Much of the 
research related to life prediction has been based on DP as a measure of the condition of 
the transformer insulation, where the life of the transformer is related to the time taken to 
reach a limiting DP value (200 is frequently used). Degradation kinetics are measured at 
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elevated temperatures to accelerate the rates and then extrapolated back to actual 
transformer running conditions using the Arrhenius equation- 
-Ea 
k=Ae RT 
Where: 
rate constant 
T= absolute temperature 
R= gas constant (8.314 JK-1 mol-1) 
Ea= Activation Energy 
A= pre-exponential factor 
Taking logs of both side affords, 
Ink =In A-E, RT 
a plot of In k versus I/T is linear, therefore gives a slope of -E. /R and the intercept is In A. 
In order to use the Arrhenius relationship to calculate the life of a transformer an end of 
life point is needed. The DP of transformer paper is initially 1000-1200 but can be as low 
900 (Shroff and Stannett, 1984). The end point has been defined as when the insulation 
paper reaches 50% of its initial tensile strength (Yoshida et al.,, 1987). Which corresponds 
to a DP of 150-350 (Fabre and Pichon, 1960; Bouvier. 1970; Fallou, 1970, Shroff and 
Stannett, 1984). However DP values have been reported as low as 150 in operating 
transformers (Oommen and Arnold, 1981; Shroff and Stannett, 1984). 
The disadvantage of using DP values for life prediction are; 
e the kinetics of the degradation are not simple, due to different kinetic and mechanistic 
processes occurring simultaneously (Skubala, 1974) 
-a the degradation rate is dependent on the paper type and whether it has been chernically 
treated (i. e. thermally upgraded by blocking free -OH groups) (Shroff and Stannett, 
1984). 
* the degradation rate of the paper is dependent on the accessibility of the paper on the 
transformer windings. Aged transformer paper has a lower DP on the outer and inner 
layers to that of the middle layers, due to increased degradation rates from water and 
oxygen in oil and contact with the copper of the winding. 
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The DP will be more highly effected by glycosidic breakage's in the middle of a chain 
than by scissions near the chain ends (Shafizadch, 1985; Nevell et al., 1985). 
However if the chain length is related to the tensile strength then the use of DP will 
indicate the paper strength, i. e. the condition of the paper and ultimately its life. 
Fabre and Pichon (1960) estimate the life of a transformer, operating under dry conditions 
(dry air, paper, oil) as 480 years at 80'C, 140 years at 90'C and 40 years at 100'C. 
Whereas if there was 50ppm of water in the oil the life is drastically reduced (67 years at 
80'Cý. 30 years at 90'C and 15 years at 100'Q. 
Summary of Insulation Degradation 
The change in DP has been used extensively to predict cellulose life during ageing. However, 
DP is only an average measure of the material. More detailed information can be obtained from 
the molecular weight and molecular weight distribution obtained from Size Exclusion 
Chromatography analysis. The molecular weight distribution of Kraft paper win alter as the 
paper degrades and measuring the changes can be used to study the mechanism involved. The 
Idnetics of the degradation of Kraft paper can be modelled using a variety of mathematical 
equations based upon the change In DP during degradation, but are not adequately related to 
environment conditions (temperature, oxygen and water content). Life prediction models are 
therefore unreliable. The strength of the paper ultimately governs the life of the paper and has 
never been satisfactorily correlated to DP. A mathematical relationship of DP/tensile strength 
to the degradation products (furans) would be highly valuable as a condition monitoring 
technique of transformer insulation where the windings are not accessible for analysis. 
Aim of this Thesis 
The overall aim of this project is to provide quantitative kinetic data and relationships 
between ageing and product concentration in transformer oil, that can eventually be used 
in a general life prediction model for transformer insulation. 
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Specific aims of this thesis are: 
* to age Kraft paper, and pure samples of cellulose in oil, air and vacuum at temperatures 
of 120,, 140 and 160'C. 
e to analyse the degraded paper and devise kinetic models of ageing. 
investigate degradation mechanisms and ultimately provide quantitative data for the 
lifetime prediction of transformer insulation. 
Analytical techniques to be used will be: 
9 Size Exclusion Chromatography 
derive a non-degradative SEC method in which the molecular weight distribution 
will not be modified during sample preparation and analysis. 
0 investigate two eluents/solvents, cadoxen and dimethylacetamide/lithium chloride. 
0 model peak shapes and movements caused by degradation, using computer 
simulation techniques to elucidate the physical and chemical mechanisms involved. 
0 Degree of Polymerisation by Viscosity 
0 develop a DP method to obtain reliable results with known error limits. 
correlate DP values with SEC results. 
0 develop models to describe the kinetics of ageing 
0 Furan Products by BPLC 
0 use IHPLC to measure the concentration of cellulose degradation products (furans). 
0 relate furan concentration in the oil to DP and Tensile changes in the paper 
0 Mechanical Strength 
0 measure the inter and intra, fibre strength of the cellulosic paper using both wide 
span and zero span mechanical strength techniques. 
0 correlate with DP changes and furfural formation during ageing. 
Correlations of the mechanical strength, DP, molecular weight distribution and the 
production of furans to the condition of the paper and ultimately the life of Kraft paper 
insulation,, will be discussed. 
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Summary 
In order to help understand the chemical nature of Kraft paper as it deteriorates within a 
transformer the paper must be characterised at different points during the ageing process. 
The viscosity average molecular weight can be measured to afford the DP (Degree of 
Polymerisation) and the molecular weight distribution can be obtained from Size Exclusion 
Chromatography (SEC). For these two techniques the paper/cellulose source must be 
fully dissolved in an appropriately characterised solvent. Much has already been written 
regarding such solvents, each solvent having advantages and disadvantages over each 
other. The solvents used in this study were considered with respect to their use for SEC, 
which requires that they be colourless , in order that the refractive index can be used as a 
measure of polymer concentration. Other techniques to monitor the degradation of paper 
will also be discussed. 
2.2. Solvents for Cellulose 
2.2.1. Aqueous Amine Metal Complexes 
Metal complexes with amines such as copper, zinc, cobalt, cadmium and nickel have been 
studied as solvents for cellulose (Pandit et al.,,, 1968,, Danilov et al, 1970). 
Copper 
Cupriethylenediamine hydroxide (Cuen), [CU(en)21(OM2 and cuprammonium hydroxide 
(CUaM), [CU(1*4H3)41(01-1)2,. are the best known solvents in this group. Cuarn decomposes on 
standing in light and exposure to air. The combination of oxygen and alkalinity contributes to 
cellulose chain degradation. Therefore the use of Cuam has been superseded by the more 
stable Cuen, however it does have a major disadvantage with respect to SEC, it is dark blue 
and therefore inadequate for refractive index detection. Cuen was first studied by Traube 
(1911). Cuen/cellulose solutions are also susceptible to oxidative degradation over time, but to 
a lesser extent than Cuam (Henley, 1961). Cuen is used as the solvent to dissolve cellulose for 
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degree of polymerisation (DP) analysis by viscosity. The Mark Houwink (see 2.3.1) constants 
used to calculate the DP fi7om viscosity measurements are known for a wide variety of cellulose 
types, including Kraft insulating paper. The recommended composition of Cuen used for 
viscosity measurements is 0.5M copper (H) with a copper ethylenediamine molar ratio of 1-2. 
Dissolution of cellulose occurs via a co-ordinated complex with the copper ion, where the 
glycol groups of one 1,4-anhydroglucose unit chelate to occupy two of the co-ordination sites 
of the copper (111) ion displacing a mole of ethylenediamine. 
HOH2C' 
-0 
H2N'/ 
cu 
NH2 
Cuen was used throughout this thesis as the solvent for DP analysis. 
2.2.1.2. Cadmium 
Cadmium has been the most widely used alternative to copper due to its high solvating powers 
and stability, whereas nickel, zinc and cobalt ions increase the oxidafive destruction of cellulose. 
Cadoxen is an aqueous cadmium complex, tri-ethylenediamine cadmium hydroxide, 
[Cd(en)31(OH)2. It was first used as a solvent for cellulose by Jayme (1957) and the 
preparation has since been modified by Donetzhuber (1960). Sodium hydro)dde was 
incorporated in the formulation by Donetzhuber, however more recent work (O'Donehue et 
al, 1987) mentions that the solubility is not affected by the presence of NaOH and it is 
therefore not essential.. The ethylenedian-fine is important and must be freshly distilled 
(O'Donehue, 1987). Cadoxen is colourless, which is required for the refractive index detector 
in SEC, however it is highly corrosive causing detrimental effects to the SEC instrumentation - 
destroying the columns within a few weeks. Cadoxen is also to)dc, providing undesired 
handling hazards. Cellulose solutions in Cadoxen have been shown to be more stable to 
o)ddative degradation compared to other cellulose solvents, e. g. Cuen (Henley, 1960). 
Dissolution in Cadoxen is described by Vink (1964) as a compound formation between the 
hydroxyl's of ceffulose and Cadoxen. In agreement, recent mr studies of Bain et al. (1980) 
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describe the dissolution process as hydrogen bonding. The cadmium holds two an-fino groups 
from ethylenedian-dne in a favourable orientation for hydrogen bonding with the equatorial 
hydroxyls on the cellulose repeat unit. This accounts for the instability of cellulose/Cadoxen 
solution when diluted. Henley (1960) stipulates that the cadmium concentration must be within 
4.5-5.2%. Dilution is limited, I-I dilution with water is acceptable. Whereas solutions of 
cellulose in Cuen, once fidly dissolved, can be diluted inýiriitely with water without loss of 
solubility. The use of cadoxen as the eluent for SEC of Kraft paper was investigated and is 
reported in this thesis. 
2.2.1.3. Iron 
The use of iron-tartaric acid-sodium complex solution, [(C4H306)3Fe]Na6, has been studied by 
Bergmann et al. (1959). Macromolecular measurements using this solvent have proved difficult 
due the high salt concentration (Bergmann et al., 1959). This solvent is green and thus proves 
awkward with respect to SEC measurements as mentioned earlier. 
2.2.1.4. Amine Oxides 
Certain cyclic tertiary an-fine oxides have been shown as excellent solvents for cellulose in 
particular N-methylmorpholine-N-oxide (NMNO). NMNO is a crystalline solid at room 
temperature. Dissolution of cellulose is believed to be via the formation of hydrogen bonds, 
since the N-0 bond has a strong dipolar character. Dissolution occurs under specific 
conditions, the dry cellulose powder is mixed with hydrated NMNO and heated between 90- 
140 'C (depending on the water content) (Chanzy et al., 1982). The dissolving power is highly 
dependent upon the water content; too much water causes saturation of the N-0 groups by the 
water molecules,, however water is said to aid dissolution. Also,, if dissolution of cellulose 
occurs M the presence of water, there is a competition between water and cellulose for the 
NMNO molecules, which prefer water to cellulose. The use of NMNO as a SEC mobile phase 
has not been reported in the literature. 
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2.2-2. Organic Solvents 
The use of inorganic salts in non-aqueous media has emerged as a very powerful way to 
dissolve cellulose. Two such systems are ammonium thiocyanate (NH3/NH4SCN) and 
dimethylacetamide/lithium chloride (DMAc/LiCI). The latter has been shown to be a useful 
solvent with respect to size exclusion chromatography of cellulose (Ekmanis, 1986,1987; 
Westermark, 1994, Timpa et al., 1989,1991,1994,1995). 
Lithium chloride dissolves in dimethylacetamide (10wt% can be prepared at ambient). The 
solution is clear and stable at room temperature. The solution of DMAc/LiCl has the ability to 
dissolve cellulose without derivatisafion. Other lithium salts such as LiBr or UNO3 have less 
solvating power. Other chloride salts such as sodiun-4 potassium and barium are ineffective also 
(McCormick et a 1985). Dimethylformarffide, despite its similarity in structure and solubility 
parameter fails to dissolve cellulose in the presence of LiCl. 
Cellulose will not dissolve directly in DMAcALiCl, the cellulose sample has to be "activated". 
Activation of cellulose using steam or other heating techniques can degrade cellulose. Inter 
crystalline swelling occurs in the presence of water, due to hydrogen bonding with the inter 
crystalline regions or the surfaces of the crystallites. Water does not penetrate well defined 
crystallites and thus only gives a pulp appearance and not a fully dissolved sample. Once the 
cellulose polymer is swollen the water must be removed and replaced by DMAc using solvent 
exchange techniques before dissolution in DMAcALiCl. The mechanism of dissolution in 
DMAcýLiCl is believed to be via complexation of the cellulosic hydroxyl groups with LiCl by 
the formation of ion pairs (Gagnaire et al. 1983). Once dissolved the solution is stable at room 
temperature for several years (Turbak, 1983). The proposed dissolution mechanism of 
McCormick 1985 is shown below- 
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HOH2C 0 
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H3C 
0 
SEC of Kraft insulating paper using DMAcALiCl as a viable solvent was investigated and 
reported in this thesis. 
2.2.3. Derivatisation 
Cellulose derivatives such as the nitrate, acetate and carbarnate (also known as carbanilate) can 
be dissolved with relative ease in tetrahydrofuran (TBF) compared to native cellulose. The 
cellulose derivative will dissolve in TIHF and thus enable convenient measurement of the 
Molecular Weight Distribution (MWD) by Size Exclusion Chromatography (SEC). There is 
much literature on the SEC of derivatised cellulose. Derivatisation however is said to degrade 
cellulose (Burgess, 1986; Lawther et al., 1990) and hinder chromatographic determination of 
cellulose. If derivatisation does cause the cellulose sample to degrade, the MWD obtained 
would not provide an exact representation of the molecular weight condition of the paper inside 
a transformer. There is evidence (Cael et al., 1981 & Evans et al., 1989) that carbarnation may 
be the least degrading of the derivatisation techniques. Carbarnation of cellulose was compared 
to non-derivatising techniques within this thesis and will be reported in Chapter 6. 
2.3. Degree of Polymerisation by Viscometry 
The Degree of Polymerisation (DP) can be calculated from the viscosity of dilute polymer 
solutions. The use of solution viscometry as a measure of the DP has been accepted ever since 
the early work carried out by Staudinger (1930). The limiting viscosity number (intrinsic 
viscosity) of a polymer in a dilute solution is related to the volume of the hydrodynamic sphere 
of the molecule in solution (Flory, 1949). The hydrodynamic volume of a polymer in solution 
30 
Chapter 2: Experimental Techniques 
is very dependent on its shape i. e. the type of polymer. A branched polymer with the same 
molecular weight as a linear polymer will have a different hydrodynamic volume and thus errors 
can occur with molecular weight measurements if this is not accounted for. The relationship 
between viscosity and the molecular weight is only valid for solutions of 0.1% or less. Inter 
molecular interactions occur in more concentrated solutions giving increased viscosity values 
and therefore erroneous DP values. 
Standard methods (ASTM D 1795-90 and BSI 6306) exist to measure the DP of cellulose in 
Cuen (cupriethylenediamine) solvent. Other solvents have been used, for example Cadoxen, 
but have not been incorporated into the standards. Methods have also been written that are 
specific to transformer paper (ASTM D 4243-86 and EEC 450). The latter methods were used 
as a starting point for the DP measurements in this thesis. 
To obtain high precision when measuring the viscosity, a constant temperature bath has to be 
regulated accurately and the outflow time for the solutions should be long enough (>100 
seconds) to minimise the need for applying corrections to the observed data, such as the 
Couette correction. The Couette correction accounts for the change in flow as it reaches the 
end of the capillary. However, the determination of the absolute viscosity is not necessary 
when calculating the DP by viscosity. The density of the dilute polymer in solution is regarded 
as equal to that of the solvent and therefore the ratio of the viscosity of the solution and solvent 
will cancel out any errors. This ratio of the viscosity is used in the DP calculation in the 
following section. 
How Viscosity is Related to the Molecular Weight 
The viscosity of a dilute polymer solution is related to the molecular weight by the Mark- 
Houwink-Sakurada (MIHS) equafion: 
[77]=KMW 
Where K and a are constants related to the solvent and polymer type, [TI] is the intrinsic 
viscosity or limiting viscosity number. The intrinsic viscosity is expressed in units of inverse 
concentration (ml/g). The specific viscosity is calculated from the viscosity of the dilute 
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polymer in solution. When the viscosity of the solvent and the polymer solutions are measured 
in the same viscometer tubes the specific viscosity can be obtained directly from the following 
equation, 
77 -77. 
,p 77,, 1 q, 77. 
Where rl is the viscosity of the polymer solution and 77ý is the viscosity of the solvent. 
Alternatively as the viscosity is related to the time for the liquid to travel through the capillaly 
of the same viscometer tube the following equation can be used: 
77, p 
Where t is the outflow time of the polymer solution through the viscometer tube and t, is the 
outflow time for the solvent in the same viscometer tube. The specific viscosity is extrapolated 
to zero concentration to obtain a measurement without any molecular interference's. A range 
of dilute polymer solutions are measured and a graph of 
l7sp 
C 
vs c 
is plotted and extrapolated to zero concentration (c = concentration) to obtain the intrinsic 
viscosity [, q]. Alternatively a single viscosity measurement can be taken at known 
concentration and the specific viscosity is related to the intrinsic viscosity using the Martins- 
Huggins equation. 
77,1 -I ý--- 77. p : -.: 
[771ce'l 771 c 
re 
The intrinsic viscosity is then used in conjunction with the appropriate XMS constants to 
calculate the viscosity molecular weight average and thus the DP. 
2.4. Size Exclusion Chromatography (SEC/GPC) 
Size Exclusion Chromatography (SEC) or Gel Permeation Chromatography (GPQ is a 
powerfiil technique for characterising the molecular weight and the molecular weight 
distribution (MWD) of polymers. Its use to study the degradation of Kraft paper, an insulating 
medium in electrical transformers, is of great potential importance in investigating the 
Idnefics 
and mechanisms. SEC affords the MWD and not just an average molecular weight. 
The study 
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of how the size and distribution of the cellulose chains changes dunng the degradation period 
can indicate the mechanism involved, e. g. whether certain molecular weights have a greater t-D 
tendency to age than others. The MWD will show any distinctive components of the polymer 
sample. For example Hill et al. (1992) and Westermark (1994) have shown that the MWD of 
Kraft paper comprises of two distinctive components. This will be explained Mi more detail in 
the section, SEC of Kraft Paper. 
Molecular Weight and Molecular Weight Distribution 
SEC and fight scattering measurements have the advantage that they give the molecular 
distribution of the polymer and not just average molecular weights such as are obtained from 
osmometry and viscometry. Any polymeric material such as cellulose has a range of molecular 
weights, giving a molecular weight distribution. The molecular weight distribution is often 
idealised as a Gaussian or skewed Gaussian distribution, but in practice rarely is. 
A number of average molecular weights can be calculated and represent different points on the 
Number average molecular weight M,, 
Viscosity average molecular weight M, 
Weight average molecular weight M. 
Z- average molecular weight Mz 
Each of these can be calculated mathematically from the molecular weight distribution curve 
obtained from SEC analysis. The averages also can be calculated using other molecular weight 
methods. The average molecular weights are mathematically represented as follows- Where Ni 
is the number of chains of a specific mass Mj; 
00 
Ni Mi 
M, 
00 
Ni 
The number average is calculated using a colligative method such as osmometry, 
The viscosity average can be calculated from viscometry. 
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Ila 
Ni M, I+a 
Ni Mi 
The weight average molecular weight (M,, ) can be calculated using light scattering. 
Ni M, 
Co 
1: NiM, 
i=I 
A higher average is the z-average and can be determined by centrifugation. Defined by, 
00 
1 Ni M, 3 
Ni Aý 2 
The molecular weight data found in the literature on cellulose is dependent on the molecular 
weight method used, whether it be viscometry to give M, or osmometry to give M.. The 
advantage of SEC is that the MWD obtained can be used to calculate all the molecular weight 
averages (e. g. Mv and M) and thus can be compared to all of the molecular weight data found 
in the literature. 
2.4.2. SEC Mechanism of Separation 
The method of separation in SEC is physical and not chemical as in other chromatographic 
techniques. SEC works on the principle of no chemical interaction between the polymer and 
the column, or the mobile phase. The polymer solution is injected, while the pure eluent is 
pumped through the system at a constant pressure and is eluted through the column by the 
solvent. Molecules are separated according to their physical size (hydrodynamic volume). The 
column is a gel with a known range of pore sizes. As the polymer sample travels through the 
column smaller molecules will enter further into the pores and thus take longer to elute than 
larger ones, which will only penetrate a few of the pores and therefore elute quicker. The high 
molecular weight polymer molecules elute first and the separation is actually based on the 
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hydrodynamic volume of the polymer rather than Just the molecular weight. Branched chains 
therefore elute differently from straight chains and the technique can be used to measure the 
degree of branching of a polymer. 
2.4.3. SEC Calibration 
In cellulose and other types of polymer, the chains in solution arrange themselves in a non- 
linear fashion. It is very important that the molecular arrangement is taken into account when 
calculating the molecular weight from SEC results. For example, Segal et al. (1969) studied 
nitrated Kraft wood pulp with SEC (tetrahydrofuran, TIHF, as the eluent). The average 
molecular weight measurements obtained were very different from those obtained by 
viscometry. Segal (1969) used viscometry with Cadoxen as the solvent and he measured a DPv 
of 1440. Whereas analysis of the same sample using SEC gave the DR., as 15000. Segal did 
not account for the hydrodynamic volume of the polymer during calibration. Pang et al. (1992) 
showed that when multi-detectiOn SEC was used with a viscometer detector the average 
molecular weights calculated from the MWD were lower than the corresponding M, calculated 
by standard viscometer tubes. 
Polymer molecular size and shape theory was first recognised by Flory in 1949, who assumed 
that a random coiling polymer chain takes up a specific volume (hydrodynamic volume) and it 
is the hydrodynamic volume that is related to the SEC peak profile. The hydrodynamic volume 
is defined as the molecular weight times the intrinsic viscosity. Benoit et al. (1967) was the first 
to use this relationship to introduce a universal calibration procedure which would correlate the 
hydrodynamic volume of any polymer to the molecular weight. A plot of ; 
Log[i7j Mp vs Elution volume or time 
is identical for all polymers in the same solvent, both linear and branched. Known molecular 
weight standards are used to give the universal calibration curve to which unknown samples 
can be related. Figure 2-1 shows the linear calibration line plotted from molecular weights that 
span a molecular weight distribution. 
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Figure 2-1 
Universal Calibration 
0 
Volume or Time 
2.4.3.1. Narrow versus Broad Standard Calibration 
Narrow standard calibration uses narrow MWD standards and a "peak position method", which 
correlates the peak elution volume of each standard to its nominal peak molecular weight. The 
calibration curve obtained by this method has traditionally been more widely used. 
Broad standard calibration requires a considerable amount of effort and expertise, the calibrant 
must be carefully characterised before it is used. This would ideally require the calibrant to be 
fractionated and each fraction examined by absolute techniques, in order to build up a detailed 
molecular weight profile. This method of calibration using one or more broad MWD standards 
is particularly useful when narrow MWD standards are not available or universal calibration is 
impractical. This can arise when the appropriate Mark-Houwink constants are not known or 
readily available for a particular SEC eluent. If an absolute (viscosity) detector is used, there is 
no prior requirement for knowing the Mark-Houwink parameters; in fact the detector can be 
used conveniently to provide values for these and broad standard calibration is not necessary. 
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2.4.4. Multi-Detector SEC 
2.4.4.1. Molecular Weight Determination Using Multi-detector SEC 
The multi-detector system enables the user to calculate a universal calibration according to the 
theory of Benoit (1967), which provides an absolute measurement of the molecular weight. A 
refractive index detector in conjunction with a viscometer or fight scattering detector can be 
used. The detectors are connected in series via a piece of capillary tubing. In this study a 
viscometer detector was used. The polymer sample, once separated/fractionated in the column, 
passes through the viscometer ( 'capillary tube) and then to the refractometer. The inter-detector 
volume is the elution volume for a ftactionated sample passing from one detector to the other. 
The use of a dual detection system does complicate the mathematics involved in calculating the 
molecular weight because of the time offset between the detectors and therefore an on-he 
computer for data acquisition is required. 
The advantage of using a refractometer and a viscometer detector in series is that they 
compliment each other with regard to their sensitivity. The viscometer is sensitive to low 
concentrations of high molecular weight polymer, whereas the refractive index detector will 
detect lower molecular weight material with more accuracy. However the difference in 
sensitivity causes problems in measuring the inter detector volume, because the detectors are 
sensitive to different parts of the molecular weight distribution. Molecular weight calculations 
are based on measuring the area of the chromatographic peaks. Each detector output is divided 
into peak slices and the inter detector volume is used to relate a particular slice from the 
viscometer to the corresponding slice of the refiractometer peak in order to calculate the 
concentration for that particular slice. The inter detector volume introduces a time offset which 
must be accounted for. 
The viscometer uses a single capillary tube with defined length and diameter. The pressure 
drop across the capillary tube can be calculated from Poiseuille's Law; 
8zL77F 
r4 
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Where- 
P= pressure drop across the capillary 
L= capillary length 
r radius of capillary 
71 fluid viscosity 
F flow rate 
The dimensions of the capiflary tube are fixed and the eluent is pumped through at a constant 
temperature. Therefore the viscosity of the eluent is constant. Poiseuille's law can be simplified 
to show that at a constant temperature the capiffary acts as a flow meter, 
K'F F is a flow meter function. K' is a constant. 
The pressure drop is directly proportional to the flow rate. For the capillary to act as a 
viscometer the pumps and the pulse dampening system in the GPC must provide a uniform 
flow. Poiscuille's law is again simplified and the pressure drop is directly proportional to the 
viscosity (q ), 
P= K'77 q is a viscometer function. K' is a constant. 
A, Ls. long as the solvent flow and temperature are held constant and no sample is eluting through 
the system the baseline is constant. Once the sample has been separated in the column it enters 
the capillary tube. The pressure across the tube increases relative to that of the pure solvent Po. 
The difference in pressure is very small (at its maximum only 1%). The intrinsic Viscosity ['rl, ] 
(expressed in units of inverse concentration e. g. ml/g) is used to calculate the molecular weight 
of the sample. It is calculated in a similar way to that explained for the DP calculations. The 
refractive index detector (RI) is a concentration detector. It generates a signal directly 
proportional to the concentration of the polymer in the eluent. The viscometer detector signal 
is proportional to both concentration and intrinsic viscosity. 
2.4.4.2. Calculations for Quantitative Analysis 
A polymer sample is analysed as follows : The chromatographic peaks are divided into slices 
and the data from each detector is calculated for a specific slice i. The RI detector measures the 
concentration of the sample in a particular slice C,, -. 
ci CU 
A VA 
38 
Chapter 2: Experimental Techniques 
Where, 
C= concentration of polymer solution injected 
V= Injection volume 
AV = Volume of slice i 
A= Total area of RI response of polymer sample 
A, = Area of sfice i 
The viscometer signal is dependent on the concentration (Q of the sample and the intrinsic 
viscosity [, rl, ] within the corresponding peak slice. The viscometer peak slice is related to the 
corresponding RI slice by the time delay (inter detector volume). The intrinsic viscosity of a 
peak slice [TIJ is calculated as follows, 
[77i] = 
(Pi - PO) 
(C' PO) 
Where: 
[, n, ] = intrinsic viscosity of peak slice i 
PI = Pressure/viscometer signal at slice i 
P,, = Pressure of baseline signal at point i 
CI = Concentration of polymer sample in slice i 
Dividing the viscometer data (C, '[TIJ) by the refractometer data (Cj) affords the intrinsic 
viscosity of the slice i [TIJ. The concentration of each slice is used to find the hydrodynamic 
volume M of the peak slice 1 from a calibration curve. Dividing the hydrodynamic 
volume by the intrinsic viscosity of the slice provides the molecular weight of that slice. This 
procedure is repeated for the other peak slices to give a molecular weight distribution. The 
absolute molecular weight averages can be calculated in a similar fashion from the average 
molecular weight equations (K Mw M, M, ). The SEC software (Nfilenium, Waters) produces 
a report which includes the calculated MWD, molecular weight averages, and the two 
chromatographic plots (viscometer and refractometer outputs). 
2.4.4.3. Determination of Long Chain Branching 
The intrinsic viscosity for the total polymer solution can be calculated as follows; 
1771 -": 
JCJ77il 
Y- ci 
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This can be used in conjunction with the Mark-Houwink equation to determine whether the 
sample has any long chain branching. The Mark-Houwink relationship is,, 
[77] = KM, -C' 
Where; K,, a = Mark-Houwink constants, M, = Viscosity average molecular weight 
A linear polymer with no branching produces a linear plot of log [TI] versus log M, (Viscosity 
law plot). This plot is obtained when using narrow molecular weight standards, with known 
molecular weights. 
Figure 2-2 
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An unknown sample may deviate slightly from this, due to long chain branching. The viscosity 
of a branched molecule is less than that of a linear one of the same molecular weight, due to 
different hydrodynamic volume's. This produces a Mark-Houwink plot with curvature, often 
at the high molecular weight end of the MWD. The branching parameter can be used to 
quantify this; 
l7br] 
77, i,, 
I 
This is a ratio of the intrinsic viscosity's of the branched and linear polymer at a given molecular 
weight and can be calculated across the MWD. It is plotted versus molecular weight and used 
as a comparison to other polymer samples. 
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2.4.5. Problems Associated with Multi-Detector SEC 
2.4.5.1. The Inter detector Volume and Resolution 
The resolution and the inter detector volume are closely related topics. They both contribute to 
errors in SEC calculations. As with all chromatographic techniques resolution is important in 
quantitative calculations. With SEC the leading and tail edges of a chromatographic trace are 
susceptible to noise and/or have limited detector sensitivity, especially the viscometer where 
baseline noise can cause dffEculties in identifying the detector signal start, end and maximum. 
Band broadening effects are all too common with chromatographic techniques, SEC is no 
exception. Band broadening is a measure of the peak width and factors that effect it are the 
flow rate, concentration and adsorption on the column. One such example of broadening 
within dual detection SEC is due to axial dispersion of the polymer in the inter detector tubing 
as it passes from viscometer detector to the Riý leading to a broader Ri signal. This then 
compounds the problems of calculating the inter-detector volume. 
2.4.5.2. Quantification of the Inter detector volume 
The inter detector volume and resolution effects are very much related and are not easily 
measured. There is much literature written on this subject and in particular, how the inter 
detector volume should be measured. It is not simply the geometric volume between each 
detector because of flow profiles within the connecting tubing (Balke et al., 1992; Mourey et 
al.,, 1990; Lesec et al., 1982). The variation in the flow alters the peak shape measured by one 
detector compared to that of the other. Therefore the inter-detector volume is not the 
measurement between the peak maxima of each output because the two maxima do not 
correspond to the same molecular weight (Netopilk 1994). Peak shapes can changeftOm one 
detector to the other, due to mixing of the sample in the detector ceUs (Balke et al., 1990), this 
accounts for different inter detector volumes from one sample to another. Mathematical 
predictions by Netopilik have shown that the error related to the inter-detector volume can be 
quantified. For example a change of 0.2ml in the inter detector volume causes a 10 % error in 
alpha (Mark Houwink constant). Lesec et al.. (1982) quantified the inter-detector volume for 
their system (0.18n-A) and found it was larger than that of the geometric volume (0.15ml). 
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There are several methods for determining the "effective/correct" inter detector volume; - which 
would also correct for resolution problems. Balke et al. (1990 and 1992) concluded that the 
inter-detector volume used to calculate the molecular weight distribution is that which provides 
best agreement with the known average molecular weights (K, M,, etc. ) of a narrow standard. 
However according to Billiani et al. (1990) this may not be valid, the calibration curve 
calculated with narrow molecular weight standards differs to that of a broad molecular weight 
standard. Therefore the "correct" inter-detector volume for a narrow standard may not be 
applicable to a broad molecular weight standard or unknown. To find a more accurate inter- 
detector volume, Balke et al. (1992) did recommend measuring the elution volume difference 
from the onset of each detector signal and not the peak maximum. 
Prochdzka et al. (1987) calculated a particular calibration over the middle part of the 
chromatograrn then extrapolated to the uncertain regions of the output trace (i. e. the leading 
and tailing edges) and therefore excluded any uncertainties related with resolution effects 
caused by the detectors. 
Balke et al. (1993) derived an equation which accounted for axial dispersion in columns and the 
inter detector tubing, to enable the user to calculate a theoretical value for the inter detector 
volume, which would also account for resolution errors. The equation was based on finding a 
value which would superimpose the intrinsic viscosity calibration curve obtained from a broad 
molecular weight distribution linear homo-polymer on a corresponding intrinsic viscosity 
calibration curve fi7om a series of narrow standards. Balke explains that corrections for axial 
dispersion effects within SEC are more important for polymers with narrow molecular weight 
distributions than with broad ones. However, attempts by Balke to superimpose onto the 
narrow standard calibration curve were inadequate and require further study. The equation 
derived by Balke did give some interesting results. Both positive and negative values of the 
inter-detector volume were calculated, which were perfectly viable due to the nature of the 
detectors and the axial dispersion effects that exist within the SEC detectors and inter-detector 
tubing. 
Universal calibration (In M[, tl] versus elution volume) with 'several' narrow molecular weight 
standards do not effect column resolution and inter-detector volume (Netopilik, 1994). 
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However,, the molecular weight data calculated for one of the narrow standards is greatly 
affected by the inter-detector volume. Axial dispersion effects can significantly affect the 
accuracy of "local" intrinsic viscosity values, which will affect molecular weight averages such 
as K and M,,,, whereas local intrinsic viscosity's of a broad molecular weight polymer would 
not be significantly affected. Therefore a universal calibration plot derived from several narrow 
molecular weight standards, over a broad molecular weight range, would not be significantly 
effected by axial dispersion effects. The molecular weight distributions of the narrow standards 
would overlap and thus eliminate any errors regarding the leading and tail edges of the 
chromatographic traces. 
The inter detector volume used throughout this thesis was that calculated according to the 
Waters GPCV manual. The average time delay from the peak maxima of the two detectors 
was calculated for all the narrow molecular weight standards used in the calibration. This 
method was adopted in preference to the others mentioned due to its simplicity and compliance 
with the Waters manual. However, different delays were studied and the variation in molecular 
weight calculated. The delay used in this thesis will be discussed in Chapter 3. 
2.5. Size Exclusion Chromatography of Cellulose 
The type of columns and the mobile phase are significant in the separation of a polymer. 
The column types are classified as either hydrophobic or hydrophilic. The columns used to 
separate cellulose samples depend on the solvent used to dissolve them. Both aqueous and 
non-aqueous systems have been used in the past to study cellulose. Certain solvents will 
harm specific columns while other columns will give undesired adsorption effects. For 
example, water, acetone and methanol are known to partially dissolve Styragel. type 
columns, these are based on cross linked polystyrene. SEC of cellulose in the literature 
will be discussed with respect to the solvent used for dissolution. 
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2.5.1. Cadoxen 
Cadoxen is aqueous, it comprises about 70% water. The GPC colunm used must be 
compatible with an aqueous system. Sephadex columns (cross linked dextrans) swell too 
strongly, polystyrene based Styragels do not swell enough and silica columns break down due 
to the strong alkaline conditions (Burgess, 1986). Agarose columns have been used with 
Cadoxen, but Petterson et al. (1967) reports that 4% of the column dissolved. Pettersson et al. 
(1967) were one of the first to use Cadoxen as the solvent III the separation of cellulose, using 
molecular size as the basis of separation. They used a 50: 50 mixture of Cadoxen and water, 
other workers using Cadoxen have stipulated that 100% Cadoxen is needed (Schwald & 
Bobleter,, 1988). Pettersson looked at bleached sulphite pulps using a vertical gravity fed 
column. Analysis lasted 40 hours to determine the MWD. 
2.5.2. DMAc/LiCl 
Ekmanis (1986 & 1987). Hasegawa (1993), Westermark (1994) and Timpa (1989,1991, 
19941.1995) have used DMAc/LiCl. Ekmanis analysed softwood sulphite pulp, Timpa 
analysed cotton fibres and Westermark has analysed Kraft pulp. The technique developed 
by Ekmanis (1986,1987) was the basis of SEC of cellulose analysed using DMAcýLiCl. 
Cellulose was activated in water and the water replaced with dry DMAc. The sample was then 
dissolved in 6% LiCI/DMAc. The solvent exchange was performed by centrifuging the sample 
and decanting off the excess solvent. The test solution was then diluted to obtain 2% 
LiCI/DMAc (concentration of mobile phase). He found that the test solution must have the 
same LiCl content as the eluent to ensure there were no unwanted adsorption effects. A series 
of injections were made at different concentrations. High concentrated sample increased 
undesired concentration/viscosity effects. This caused up to a 15% error in the molecular 
calculation compared to that of a sample of half the concentration. SEC analysis used a single 
10' A LRtrastyragel column (from Waters). The column temperature was 80'C, flow rate 
Iml/min, refractive index detector and injection volumes of 100 or 500. Ekmanis's technique 
was used as a starting point for the SEC method used in this thesis. 
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Timpa et al. (1991,1995) used a "hotpot" technique to dissolve their samples before analysis 
by SEC. The cellulose (30mg) was activated by DMAc vapours (5ml) at 1500C for one hour 
in a sealed vessel. Then cooled to 100'C before addition of dried lithium chloride(O. 25g), 
mixed for a further hour before lowering the temperature to 50'C for overnight mixing. Once 
dissolved (24-48 hours) the sample was diluted to 0.5% LiCl concentration and analysed in a 
similar manner to Ekmanis (1986,1987). 
2.5.3. Derivatisation 
2.5.3.1. Nitration 
Derivatisation of cellulose by nitration was one of the first methods of analysing cellulose 
by SEC. Segal (1968) used nitration to allow dissolution in THE However this method 
has been discouraged by many including Cosgrove et al. (1985) and Cael (1981). 
Cosgrove believed that even mild nitration caused degradative effects on the cellulose 
sample. Cael (1981) showed that nitration of cellulose causes chain scission and thus 
considerable MWD differences from that of the original polymer. The stability of cellulose 
nitrate is poor and analysis has to be performed directly after preparation before 
degradation occurs, adding further error to the MWD determination. Cael (1981) also 
pointed out that the degree of nitration is variable, 100% nitration is rarely obtained. This 
leaves free OH groups which cause unwanted adsorption effects with the column and the 
eluent. Cael (1981) compared the degree of polymensation of cellulose nitrate to that of 
the carbamate derivative as measured by viscosity. The DP of cellulose nitrate was 
considerably less than that of the carbarnate (even accounting for the different molecular 
weights of the respective polymer units). Formation of cellulose acetate also has similar 
problems to the nitrate, its stability and degree of substitution. 
2.5.3.2. Carbamation 
Carbarnation has been uses by Valitasaari (1975), Wood et al. (1986), Laufiol et al. 
(1987), Zou et al. (1994), Cael (1981),, Evans et al. (1989) and Schroeder et al. (1979). 
This method of derivatisation has been reported to be the most stable cellulose derivative 
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for SEC analysis, however there are conflicting reports in the literature. This method 
involves substituting the free -OH groups of cellulose with a carbamate group, 
Figure 2-3 
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n 
0 
R= -C-N 
II 
i-C 
Phenylisocyanate is reacted with cellulose in a solvent either pyridine or dimethyl 
sulphoXide (DMSO), but DMSO causes degradative effects even at 50-60'C (Evans et al. 
1989). Cael (1981) used carbamation as the preferred method to analyse cellulose. He 
believes that carbamation of cellulose provides a more stable derivative with 100% 
carbamate substitution. However care has to be taken when preparing cellulose 
tricarbamate (CTC). Schroeder et al. (1979) prepared the derivative in pyridine at II O'C 
and observed a drop in the DP over 3 days, however at a lower temperature (80'C) the 
derivative was stable. Evans et al. (1989) believes that preparation of the derivative at 
(80'C) occurs without loss of molecular weight. 
Lawther et al. (1990) compared SEC analysis of derivatised cellulose (carbamate) to that 
of underivatised cellulose (using DMAc/LiCI). The comparative study indicated that 
degradation occurred even during mild carbamation of cellulose. The average molecular 
weights of the cellulose derivative were lower in comparison to the same underivatised 
material. 
Carbarnation has been used by Lauriol (1987) to investigate hydrolytic degradation of cellulose. 
He observed changes in the rate of hydrolysis as degradation took place Initial hydrolysis was 
due to the amorphous regions and the rate of hydrolysis later decreased due to hydrolysis of the 
less accessible crystalline regions. 
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2.6. SEC of Kraft Paper 
Westerinark et al. (1994 & 1996) have used SEC to measure the MWD of Kraft pulps using 
DMAcALiCI as the eluent. The procedure used to prepare the Kraft pulps for SEC analysis can 
be shown to be unsatisfactory, because the samples were not fully dissolved. The method is 
similar to that of Ekmanis (1986). The paper was activated with water and then removed by 
washing with DNLAc. Dissolution was in concentrated LiCl/DMAc before dilution to 1% LiCl. 
The sample was centrifuged and the soluble portion was injected into the SEC. Therefore 
dissolution in DMAc/LiCl according to their procedure is not one hundred percent and the 
insoluble portion was ignored in their SEC analysis. The insoluble part could be of great 
importance in the interpretation of the pulp's characterisation. The insoluble portion 
disregarded by Westermark could possibly be lignin or very high molecular weight cellulose. 
Westennark's (1994) results did show two chromatographic peaks, and associated the one at 
high molecular weight with cellulose- and the other at low molecular weight with the 
hernicelluloses M the Kraft pulp. The apparent separation of cellulose and hemicelluloses peaks 
has also been reported by I-Ell et al. (1991), who investigated Kraft paper fi7om transformers 
using derivatisation of cellulose before SEC analysis, by carbarnation as described earlier. They 
found that the MWD comprised a broad high molecular weight peak and lower narrow 
molecular weight peak, which they attribute to herni-cellulose. They observed a complete loss 
of the low molecular weight peak and a corresponding drop in the polydispersity of the sample 
after degradation in a transformer. However, the low molecular weight peak could be 
degradation products of the carbarnation reaction used by Hill et al. (199 1) 
This shows that SEC can be used to study Kraft Paper degradation effectively. However, both 
previous studies have their problems which may have introduced errors in the results. The 
objective of this study is to devise an SEC method for the fully dissolved paper without 
resorting to derivatisation. 
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2.7. Tensile Strength 
Paper strength depends upon the fibre strength and the strength of the inter fibre bonds. 
Although the latter is accepted as the most important factor (Ivanov,, 1948 ), both play a role in 
the strength of the paper and ultimately therefore in the integrity of insulation in a transformer. 
It is hoped that the bond and inter fibre bond strengths can be correlated against other paper 
properties such as the degree of polymerisation and concentration of degradation products such 
as 2-furfuraldehyde so that an empirical relationship can be used to predict the life of 
transformer insulation from chemical tests such as DP. 
2.7.1. Wide-Span Tensile Strength 
Wide span tensile strength is a component of the more complex bursting, folding and 
tearing strengths. It is a measure of the inter fibre bonding of paper and largely determined 
by the quality and extent of inter fibre bonding. 
The tensile strength of paper is quoted (in the paper industry) as the breaking load per unit 
width rather than unit area as conventionally used for other materials. The thickness of the 
paper does not significantly effect the fibre bonding and load carrying ability and can vary 
across the paper. In this thesis the tensile strength is quoted as that used in the paper 
industry (breaking load per unit width) unless otherwise stated. The measurement can be 
made on a variety of instruments and correlation of results between instruments are good 
as long as certain characteristics are controlled. 
For any physical testing of paper the conditions of the measurement are very important; 
the relative humidity and the temperature will effect the result. Paper exhibits both elastic 
and flow properties, so the rate at which strain is applied is very important. At slow rates 
the paper exhibits flow, where the fibres are given time to slip and slide over each other 
and align in the direction of the applied strain. The paper will break under reduced load if 
the load time is increased. At high rates of strain the paper will, if the strain is removed, 
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return to its original shape exhibiting elastic properties. The apparent tensile strength is 
increased if the rate of loading is increased. Therefore it is important to maintain a defined 
constant rate of strain. 
The length of strip (the span distance between the clamping jaws of the tensile instrument) 
used in the analysis influences the tensile strength. The standard methods (BS 4415 and 
ASTM D-828, D-202) quote a value of 200 ± 10mm, shorter lengths can be used 
depending on the available sample. Shorter strips of paper reduce the probability of 
including weak points and therefore a higher average number of measurements should be 
made to get a good approXimation of the paper's strength. Shorter strips are also more 4-n 
affected by poor alignment between the clamps than longer strips. Results are lower if 
there is a slight misalignment, because the paper tears from one edge. The width of the 2--) 
paper is specified as 25mm in the standards, but many instruments cannot use a strip wider 
than 15mm. Varying the test specimen between 13-51mm does not in general make much 
difference to the results (ASTM D-828-87, D-202). 
2.7.2. Zero-Span Tensile Testing 
Zero-span tensile tests measure the strength of the actual fibres within the paper (Cowan, 
1972), which are preferentially orientated in the rolling direction of the paper. The 
instrument comprises two jaws which are positioned as close together as possible-, the 
results are greatly effected by the separating distance. By pulling the paper apart at zero 
gap the resulting tensile is across a plane through the thickness and consequently the fibre 
strength is determined. In practice there is a small gap (0.2mm). By making a few tests at 
varying distances between 0.2-0.5mm an extrapolation to zero-span can be estimated. 
2.7.3. Page Equation 
The Page (1969) equation describes the relationship between the tensile strength, the fibre 
strength and the inter fibre bonding as follows; 
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19+ 12Apg 
T 8Z hPL(RBA) 
Where,, 
T tensile strength according to Page (in metres, i. e. the Breaking length) 
Z zero-span tensile strength according to Page (same units as above) 
A average fibre cross-sectional area (m 2) 
r the density of the cell wall material (g/m 3) 
b shear strength of the fibre-fibre bond (N/r n2) 
P= average perimeter of the fibre (m) 
L= average fibre length (m) 
RBA = relative bonded area in the sheet 
g= acceleration due to gravity (M/S2) 
The equation shows how the tensile strength is a function of fibre strength and inter fibre 
bonding. Within a sample of paper certain parameters, the fibre dimensions and density are 
constant,, therefore the equation simplifies to; 
9 
8Z 
where k is a constant; of which is equivalent to [12Apg/PL(RBA)], the dimensions of the 
fibres. 
Therefore if the term k/b is constant (i. e. the fibre-fibre bond strength) then a plot of I/T versus 
9/8Z should yield a straight line. The straight line indicates that the cause of strength loss on 
accelerated ageing is fibre strength loss and not bond strength loss. Zou et al. (1994) shows 
that this is true for pure cotton papers. They also described a relationship between the zero 
span tensile strength and the DP of the accelerated aged paper, all data points fall on a common 
line independent of ageing conditions. Indicating that the average chain length is a controlling 
factor of fibre strength in accelerated ageing experiments. 
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2.8. Computer Modelling of Degradation 
The kinetics involved in the degradation of linear polymers were first modelled by Kuhn et 
al. (1930) for the formation of monomer products and further developed by Ekenstam 
(1936) as explained in Chapter one. These kinetic models have been used subsequently to 
develop models of the actual molecular weight distribution (Montroll and Simha, 1940, 
Mark et al, 1939; Miller et al., 1991; Guita et al, 1990 & Plaumann et al., 1987). 
Mark et al. (1939) were one of the first to relate theoretical MWD to experimental 
hydrolytic degradation rates of cellulose acetate. With the development of SEC, recent 
work has centred around experimentally measured MVVID's of degraded polymers. 
Cosgrove et al. (1985) simulated distributions for the ageing of cellulose, modifying the 
existing theory of Montroll and Simha (1940). 
The theory according to Kuhn et al. (1930) is used in the models developed by Simha, 
Mark and Montroll make certain assumptions to ensure a simplistic overview of the 
process. 
9 length of the original polymer chain is infinite. The length of the original chain is much 
larger than that of the degraded chains. 
9 every inter monomer bond has the same probability of breaking, regardless Of Position 
in the chain. In other words the degradation process is entirely random. 
Mark et al. (1939), described how a shift in the molecular weight distribution of cellulose 
acetate was a random degradation process, according to the theory of Kuhn, where the 
initial normal distribution moves to lower molecular weight via intermediate stages of 
varying chain lengths. 
In more recent work, Guita et al. (1993) studied the change in the polydispersity index 
(M, /K) of a polymer as it aged. They looked at two main types of degradation; 
chain scissions without depolymerisation of the radical fragments. 
chain scissions with depolymerisation to volatiles and oligomers. 
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Scissions are said to be completely random if the ratio approaches a value of two, 
independent of the polydispersity of the starting material. Whereas the polydispersity falls 
below 2 if scissions are favoured at the centre of the chain. 
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3.1. Summary 
This chapter describes the methods used and developed to analyse the degradation rates 
and mechanisms of Kraft paper. Three types of cellulose (Kraft, cotton paper and linters) 
were aged in air, oil and under vacuum. Paper samples taken from scrapped transformers 
were also analysed. A method to dissolve cotton paper and linters was developed to 
analyse the molecular weight distribution by Size Exclusion Chromatography. The Degree 
of Polymerisation of the different types of cellulose was used to measure an average 
molecular weight of the aged samples. Inconsistencies within existing DP method's were 
found, therefore paper samples from laboratory aged experiments and from aged 
transformers were used to design a valid accurate procedure. The mechanical strength of 
Kraft paper was measured by both wide span and zero span techniques. lEgh Performance 
Liquid Chromatography was used to analyse for the flaran degradation products in the oil. 
Data collected from each analytical method was analysed and correlated with the aid of 
computers, the degradation kinetics of each cellulose type was studied in more detail using 
mathematical modelling and computer simulation techniques, of which will be described in 
more detail in section 3.8. 
3.2. Ageing Of Cellulose 
Different types of cellulosic material were used to prepare aged samples for analysis by Degree 
of Polymerisation, Size Exclusion Chromatography, Mechanical Strength and 1-figh 
Performance Liquid Chromatography. For reasons which will be explained later, it was not 
possible to make all measurements on all samples and Table 3-1 shows the combination of 
samples and methods used. Kraft paper, pure cotton paper, cotton Enters (cotton wool) were 
aged in air, in a vacuum and immersed in oil at temperatures of 1200C, 1400C, 1600C. 
Sample were aged at three temperatures with the view to calculate rate constants at lower 
temperatures by extrapolation using the Arrhenius equation. Kraft paper was obtained from 
Tuflis Russeff paperniakers, (type - 125K40, code MN 43201 RIO). The cotton paper was 
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from Whiteley, grade 3 Elephantide. The cotton linters were used as a pure source of cellulose 
for comparison with Kraft and cotton paper's. 
Table 3-1 
Cellulose Aggeing Condition zn Analysis 
Sample Environment Temperature 
0C 
DP SEC Mechanical 
Strength 
Furan 
Kraft Paper Air 120 Yes No Yes N/A 
Air 140_ Yes No Yes N/A 
Air 160 Yes No Yes N/A 
Kraft Paper Oil 120 Yes No Yes Yes 
Oil 140 Yes No Yes Yes 
Oil 160_ Yes No Yes Yes 
Kraft Paper Vacuum 120 No No Yes N/A 
Vacuum 160 No No Yes N/A 
Cotton Air 120 Yes Yes No N/A 
Air 140 Yes Yes No N/A 
Air 160 Yes Yes No N/A 
Oil 120 Yes Yes No Yes 
Oil 140 Yes Yes No Yes 
Oil 160 YPC es Yes No Yes 
Cotton 
Linters 
Air 120 Yes Yes No N/A 
Air 140 Yes Yes No N/A 
Air 160 Yes Yes No N/A 
Oil 120 Yes Yes No Yes 
Oil 140 Yes Yes No Yes 
Oil 160 Yes Yes No Yes 
- j Vacuum 160 No Yes F No N/A 
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Ageing In Air and Vacuum 
Kraft paper was cut into strips, ensuring the rolling direction was along the length of the paper 
(140 * 30 mm) and suspended using paper clips in the oven (fan assisted, for the air aged 
experiments) held at the appropriate temperature (measured as ± 2'C, at all three air aged 
temperatures). The vacuum aged experiments were more of a problern, because of large 
temperature gradients within the oven, as much as 15'C from front to back at 1400C. 
Therefore careful mapping of the temperature gradients was used to position the samples at the 
appropriate ageing temperatures. Only 20% of the ovens capacity was available at any 
temperature, so very few vacuum ageing experiments were possible, in particular, it was not 
possible to age all three types of cellulose at all three temperatures. One sample per paper clip 
was used to ensure no physical contact between samples which could cause uneven degradative 
effects. At least twenty strips of paper were aged at each condition. Cotton paper was also 
suspended in strips (2 strips per condition). Cotton linters (3-4 grams per sample) were aged in 
a Pyrex petri dish. 
3.2.2. Ageing in Oil 
3.2.2.1. Preparation Of The Paper 
Kraft paper strips aged for tensile strength determination were prepared as follows. Paper 
strips (130 * 25 mm) were placed in cylindrical sealable pots of approximately 115 ml volume 
(190 in length with a diameter of 35 mm, dimensions including spring loaded lid) and weighed. 
Cotton paper (4g) was shredded (approximately 3* 25 mm) and put into pots similar in design 
to the ones used for the tensile Kraft samples, but smaller in dimension (I 00mm in length with a 
diameter of 35 mm dimensions including lid, 55ml volume). These pots were used for ageing 
cotton linters (3g) also. The mechanical strength was not measured for cotton paper or cotton 
linters. The three types of sample were dried overnight (1050C) under vacuum. The oven was 
allowed to cool before the vacuum was released using nitrogen and the sample pot sealed. The 
sample pot was immediately weighed to calculate the moisture content of the paper and then 
placed in a nitrogen glove box. The DP of as received Kraft paper 
did not significantly change 
when dried overnight at 105T under vacuum. 
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3.2-2-2. Preparation Of The Oil 
Initial ageing experiments of cotton paper and linters used oil dned ovemight under vacuum at 
60'C. However this method of drying and degassing eventually proved to be mconsistent,, but 
measurement of the oxygen content (Systech EC50 oxygen meter) was not available until the 
experiments were underway. The initial water content was measured using a Karl Fischer 
apparatus, (Mitsubishi moisture meter Model CA-05). The02and H20 of the oil content dried 
under vacuum was 1% and 10mg/ml respectively. As received oil contains approximately 4% 
02-. The oil was prepared in a dffFerent manner for the Kraft paper ageing experiments. The oil 
was degassed by bubbling nitrogen through (at least one hour), the degassed oil contained 
approximately 400ppm oxygen and 8ppm water. The paper to oil ratio was kept approximately 
0.08 g/ml for all ageing experiments in oil. 
3.2-2-3. Ageing of Sample In Oil 
The dried and degassed oil was added to the dried cellulose samples in a glove box flushed with 
nitrogen. A small amount (5-10mm) of overhead space within the pots was permitted to allow 
expansion of the oil at high temperatures. Too much head space allowed the evaporation of 
furan degradation products. too little and the lids lifted under pressure. The sample pots were 
removed fi7om the glove box and placed in a large flat bottomed flask (750ml) extended in 
length to hold three glass pots. The large flasks were placed in the appropriate oven (fan 
assisted), the temperature previously set (± 2'C, manufacturer specifications) and a flow of 
nitrogen passed into the flask, which dissipated out naturally. The nitrogen flow was used to 
minimise any oxidative degradation effects and avoid a fire in case of a leakage of oil. The 
samples were then added to an oven preheated to operating temperature. The temperature was 
monitored throughout the experiment by thermocouples adjacent to the sample pots. Four 
ovens were used for the oil aged experiments. Three of the same design (Gallenkamp Plus 
Oven) were at Surrey University, these were set at 120,140 and 160'C respectively. The 
actual temperature within these ovens were as follows 120 ± 1,140 ±2 and 160 ± 3'C. The 
fourth was at National Grid Plc., Leatherhead, Surrey. The later oven proved to be a problem. 
The ovens used at the university were fitted with an aluminium block into which the large flat 
bottomed flasks could sit. This ensured that the heating of each pot was as uniform as 
possible. However the oven used at National Grid did not contain one and therefore the 
temperature gradient within the pot may not have been the actual temperature measured. This 
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caused difficulties in the mathematical calculations shown and described in the results Chapter's 
4-7. The following sections describe the analysis methods used and if necessary how they were 
adapt. ed. 
3.3. Concentration of Furans in the Oil 
IAS cellulose ages, degradation products such as Furans are produced. During cellulose ageing 
in oil some of the Furans dissolve in the oil and their concentration was measured using FEgh 
Performance Liquid Chromatography (I]PLC). The analysis was in two steps- 
* first the Furans were separated from the oil using an automated solid phase extraction 
process with a Waters NMab. 
9 followed by reverse phase IHPLC with a Waters Resolve Column (Spherical C 181, 
3.9150mm) and water/acetonitrile eluent. 
The first step requires 1-5ml of oil depending on the concentration of Furans, which is then 
diluted with Hexane (5ml) and injected onto a Waters Silica Sep-Pak. Hexane (10ml) is used 
to wash out any remaining oil from the Sep-Pak. A nitrogen purge dries the Sep-Pak before 
elution of the Furans with a 20: 80 percent solution of acetonitrile/water (1.5ml). 2000 is then 
introduced into an injection loop before 50ýfl is injected into the BPLC. The BPLC operates a 
gradient pump program and a photo-diode array detector (Waters 996). The gradient profile of 
the pump and the acetonitrile/water eluent can be seen in Figure 3-1. 
Figure 3-1 
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The recovery rate of the Furans (extracted fi7om oil) using this method is 95%, except for 2- 
ftirfinyl alcohol for which is 90%. The recovery rate is measured fi7om a known amount of 
furan injected through the IHPLC and thus analysed as an unknown. Kraft, cotton paper and 
cotton linters aged in oil at 120,140 and 160'C were analysed. Four Furans 2-furfuryl alcohol, 
2-furaldehyde, 2-acetylfuran and 5-methyl-2-furaldehyde were measured. 
3.4. Tensile Strength 
Due to space limitations, only Tuffis Russell Kraft paper was analysed. Ten samples were 
measured for both wide and zero span measurements and the average taken. Wide span tensile 
measurements includes both fibre and inter fibre strength, whereas zero span provides fibre 
strength only. The wide and zero span analyses were carried out according to Standards (BS 
4415 Part 2-1986) and (Cowan, 1972) respectively., both were made at University of 
Manchester Institute of Science and Technology (UMIST) Paper Science Department. 
Wide Span 
The wide span instnunent used was from the Instron Corporation, interface type 4200. The 
computer software was part of the Series IX Automated Materials Testing System 7.3 1. The 
experimental conditions of analysis were as follows. 
Temperature 28'C and relative humidity 55%. 
Crosshead speed of 20mm/min. 
Sample rate of 10 pts/sec. 
Full scale Load range of 0.5 KN. 
Sample size, width 15mm , grip 
distance I 00mm, thickness was 0.124mm. 
The computer analyses provided the maximum load (N) at break, the tensile strength 
(kN/m),, 
extension (%), paper modulus (MN/m) and the tensile energy of absorption 
Q/m). The tensile 
strength (as defined in the paper industry) was calculated 
from: 
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Tensile Strength (kN / m) =;: 
Maximum Load(N) 
Width(m) 
Please note that conventional tensile strength measurements are calculated per unit area and not 
width. The extension (%) is the stretch at break expressed as a percentage of the initial test 
length. The paper modulus is calculated fi7om the slope of the plot of tensile stress versus 
tensile strain (using, the initial linear part of the plot., as the strain is first applied). 
The tensile energy of absorption (TEA) is calculated as: 
TEA q/ In2) = 
The tensile index can also be calculated as- 
Tensile Index (Nm / g) = 
Width (m) * Span Length (m) 
Maximum Load (N) 
Width (m) * Grammage (g / m') 
The tensile index takes into account the "basis weight" (grammage) of the paper 
tensile data from different types of paper to be compared, independent of tl&kness. 
3.4.2. Zero Span 
This aRows 
Zero span tensile strength measures the fibre strength using a jaw separation of 0.2-2.0 nun. 
The results are then extrapolated to zero gap (P. ) and Equation 3-1 is used to calculate the 
pressure to break at zero gap of an unknown, i. e. the Failure Load (kg/l 5mm of sample width). 
Equation 3-1 
Where: 
Area under the Stress Strain Curve (J) 
Failure Load = K(P - PO) 
K is the instrument constant, 0.422 kg/psi 
P is the pressure at break (psi), observed on the illstruýnenfs gauge; 
PO is the , zero,, pressure (psi), which is the pressure required to overcome the zero load which 
maintains the jaws in contact at any given time. 
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The Breaking Length (BL) was calculated as: 
Breaking Length (Km) = 
Failure Load 
Width (m) * Grammage (g / m') 
The Tensile Index was calculated from the Breaking Length of the sample. 
Tensile Index (Nm / g) = 9.81 * Breaking Length (7on) 
It was not possible to measure the mechanical strength of as received Kraft paper or 
slightly aged paper at zero gap, because the pressure to break was too large to re(, ), gister on 
the pressure gauge. Therefore the strength of these samples was estimated from a plot of 
zero span versus wide span measurements, using all the available data, by extrapolation to 
the appropriate wide span values (Figure 3-2). 
Figure 3-2 
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The equation of the line has an R2value of 0.9525. 
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3.5. Degree of Polymerisation by Viscosity 
The Degree of Polymerisation (DP) by viscosity is a measure of the viscosity average 
molecular weight of a polymer and can be used as a measure of the condition of cellulosic 
materials. The DP was measured for the three types of cellulose aged under conditions 
summansed in Table 3 -1 section 3.1 , 
in order to study the affect of DP on ageing. 
The DP is calculated from the viscosity of cellulose in cupriethylenediamine solution 
(Cuen) using the Mark Houwink relationship- 
Where u. and k are constants and [71] is the intrinsic viscosity of the solution. Cuen used was 
[i7j =k DP 
obtained from Vickers Chemicals (catalogue number 2348) and was made up according to 
SCAN method C16: 62. Viscosities were measured using calibrated standard Ubbelohde 
tubes (Type OC, constants approximately 0.003 cSt/s). 
The DP has been used as a guide to the condition of insulation paper for over 30 years and 
has therefore been a standard method for the transformer insulation industry. However, 
there have been inconsistencies found from one laboratory to another (Ali, 1995). 
Therefore a modified method was developed to provide a consistent procedure, from a 
combination of the current standards (ASTM D 1795-90, BSI 6306, IEC 450 and ASTM D 
4243-86). The method is described in Appendix 1, but the following sections outline the 
experimental investigation of the variables. 
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3.5.1. Experimental Investigation of DP Measurement by 
Viscosity 
The measurement of DP by viscosity is affected by different variables. 
9 The preparation of the sample, the removal of oil from the paper and therefore the correct 
concentration in solution, the concentration of polymer in solution and the mechanical 
degradation from mixing. 
9 The analysis of the DP, shear degradation effects as the sample is measured, degradation of 
the solvent and or polymer in solution and the temperature of analysis. 
* Reproducibility between laboratories and source of paper. 
* Calculating the DP fi7om. the viscosity measurements, ensuring the correct Mark Houwink 
constants are used. 
Kraft paper samples taken from a scrapped transformer (known as 3B6,3B 23 and 3B 47) and 
three laboratory aged Kraft samples (known as sample 1,2 and 3, aged in oil and air for 
dfferent lengths of time) were used to investigate the variables associated with the DP analysis. 
The method developed in this study was compared to the analysis by a different method used at 
PIRA (Paper International Research Association, Leatherhead, Surrey, England). The same 
samples were used in both laboratories, as received paper (known as Crepe and HS new) was 
used. 
3.5.2. Sample Preparation 
3.5.2.1. Removal of Insulation Oil from the Paper 
Transformer insulation is impregnated with oil. The removal of any residual oil is not described 
m the international standard methods (ASTM D 1795-90 and BSI 6306). However, hexane is 
one of the solvents used in ASTM D 4243-86 and IEC 450 because of its ease of evaporation, 
but benzene or chloroform can also be used. It is necessary to remove any residual oil before 
measunng the moisture and to obtain accurate dry weight values. In the method developed 
here,, the oil is removed by hot soxhlet extraction. To observe whether the washing of the Kraft 
paper was effected by temperature the insulation paper was washed using cold hexane and also 
by hot soxhlet extraction. 
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Table 3-2 
Sample DP average 
hot 
hexane 
95% 
confidence 
limits of mean 
95% 
confidence 
limits of data 
Standard 
Deviation 
DP average 
cold 
hexane 
3B 6 439.2 7.224 30.648 15.637 417.0 
3B 23 447.9 8.384 35.571 18.148 452.3 
3B 47 451.4 6.991--T 27.990 1 14.281 1 470.0 
Table 3-2 shows the results from the analysis of transformer windings 3B 6,23 and 47 
samples. The DP of the transformer samples about the mean DP is large. Therefore,. although 
the average DP for sample -3)B 47 was measured as 451.4 and a sample 
from the same winding 
prepared using , cold 
hexane gave a DP of 470.0, the DP of the transformer sample washed with 
cold hexane falls within the 95% confidence lirnits of the hot data. The total vaiiation in the DP 
can be associated with the type of paper and the source. The position of the paper within the 
transformer is an important criteria and will be described 'in more detail later. 
Conclusion- the temperature of washing is not important when using hexane, but the hot 
washing is quick and convenient. There is no need for repetitive washing as with cold hexane 
was CF. 
3.5.2.2. The Concentration of Paper in Solution 
The Mark Houwink relationship of a dilute polymer solution to molecular weight is only valid 
for dilute polymer solutions (approx. 0.1 - 1.0%), because the relationship of DP to intrinsic 
viscosity deviates from linearity outside the limits specified. The ASTM D 1795-90 and BSI 
6306 therefore state that the intrinsic viscosity (dl/g) multiplied by concentration (g/dl) should 
remain within linfits of [, rl]c = 1-1.5. However, ASTM D 4243-86 specifies that the value of 
[, n]c should always be below 1, which requires that the concentration of paper in solution is 
very low and the mass of paper must be accurately determined. To investigate the effects of 
shear rate, the concentration of Kraft paper in solution was varied and the DP measured. 
Figure 3-3 shows the correlation of DP to [iflc for the laboratory aged paper sample 2 and 
Figure 3-4 for the transformer sample 3B 6. Both plots show that the spread of DP data is 
greater at lower [TI]c values and decreases with increasing [, tl]c. 
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Figure 3-3 
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(Table I and 2, Appendix I show the statistical analyses of the two samples. Tables 3 and 4 list 
the DP data used in the plots). The statistical variation decreases with increasing concentration, 
for example the laboratory aged swnple with an [, q]c value of about 0.7 has a relative standard 
deviation (r. s. d) of 1.230%; at an [71]c of 1.1 the r. s. d is 0.726% and at an [, rl]c of 1.7 the r. s. d. 
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is 0.392%. The variability of the DP data with respect to concentration is mainly due to 
inaccuracies In weighing out the Kraft paper to be dissolved. The lower the concentration of 
paper the larger the percentage error associated with weighing the sample. Also, any loss of 
paper during the sample preparation will have a larger effect on the DP when analysing 
solutions of lower concentration than higher ones. 
The DP's quoted in this report were calculated assuming [, n]c = 1-1.5 unless otherwise stated. 
An [, rl]c value of 1-1.5 was chosen although the variance of the data decreases with increasing 
concentration, because incomplete dissolution was observed at higher concentrations for 
samples with high DP's. 
A second source of error is the efflux time,. the higher the concentration the longer and more 
accurate the efflux times. The efflux time is the time taken for the sample solution to pass 
through the 'timing marks' on the viscometer tube. An error of 10 seconds at an efflux time of 
30 minutes will give an error of about 0.45% in DP's of 214 and 440 respectively, whereas at 
an efflux time of 15 minutes the error is 1.6%. The efflux time quoted in ASTM 4243-86 is 
100 seconds for the blank solution (50: 50 cuen/water), viscometer tubes constants 
approximately 0.1 - 0.13 cSt/s. The calibration certificates for the Ubbelohde tubes, from the 
manufacturers (Schott Gerate) stipulated that the efflux time must be greater than 300 seconds 
to ensure accurate and reproducible efflux measurements. The efflux time for the blank 
solution was approximately 460 seconds in the tubes used for measurements reported here 
(approximately 0.003 cSt/s). 
Conclusion: the lower the concentration the greater the weighing and efflux time errors and 
thus the higher the degree of variance associated with the DP calculated. Incomplete 
dissolution can occur at high concentration, therefore recommended concentrationqc 1- 1.5. 
3.5.2.3. Mechanical Degradation 
A polymer in solution will have a higher tendency to undergo mechanical degradation when 
shaken/mixed over a long period of time. Some paper samples will dissolve more easily than 
others, depending on the extent of degradation and type of paper. In this study the length of 
mixing was studied and correlated to the DP, to study whether the paper samples should be 
mixed for the same length of time or just for a minimum period until dissolution was complete. 
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The use of an ultrasonic bath was also investigated to study the effects of mixing on DP. The 
laboratory aged Kraft paper sample 2 was used. The DP remained at approximately 213 
whether it was mixed under nitrogen for 2 hours or 6 hours in an ultrasonic bath or shaken 
overnight (Table 5, Appendix 1). Therefore the use of an ultra-sonic bath or a mechanical 
shaker does not affect the calculated DP nor whether the sample is nixed for a few hours or 
overnight. However, the important point is that the sample must be fiffly dissolved before the 
analysis can be carried out. The lower the mixing time the higher the possibility of insoluble 
material and therefore inaccuracies. 
Conclusion- mbdng overnight under N2will ensure complete dissolution with no apparent 
mechanical degradation. 
3.5.2.4. Nitrogen storage of a Prepared Sample 
Cuen/cellulose solutions are prone to oxidative degradation and studies by Henley (1960) have 
shown that during storage the apparent DP of the solution decreases over time. Therefore 
storage and dissolution under nitrogen is essential. ASTM D 4243-86 does not mention the 
use of nitrogen to reduce the effect of oxidative degradation of the paper solutions. In order to 
quantify the extent of degradation of Kraft paper in solution, the viscosity was measured over a 
period of six hours. The same solution remained in the Ubbelohde viscometer tube in the 
temperature controlled bath and the efflux times were measured at intervals throughout the day. 
Three samples from a transformer were analysed as well as two samples from laboratory aged 
experiments. The exposure to air of the Kraft paper solutions causes an apparent decrease in 
DP. Figure 3-5 shows a plot of DP versus time for the transformer samples used in this study 
(Tables 6,7 and 8, Appendix I contain the DP data). 
However, even with a different starting DP the slope (rate of degradation) is approximately the 
same, 0.041 DP/min. The DP of the paper decreased by about 30 DP during the six hour 
period (a change of 6.8%),, where as the kinematic viscosity of the cuen solvent (blank) Figure 
3-6 did not change significantly (Table 9, Appendix I contains the DP data for this plot). 
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Figure 3-7 shows a plot of percentage change in DP versus time. The DP of laboratory aged 
sample 1, sample 3 and as received paper/cuen solutions decreased with time, but at different 
rates with respect to each other. The samples had very different initial DP's (139,404 and 
1278, receptively) and this could account for the differences in the degradation rate. Other 
factors they may contribute to the rates of degradation will be discussed *in the section Further 
discussion of solution stability. 
Figure 3-7 
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Sample I decreased by 6-7 DP over the 8 hour period (a change of 5%), sample 3 decreased by 
14 DP over the same period (a change of 3.5%) and as received paper decreased by 148 
(11.5%). (Note : Tables 10,11,12 in Appendix I contain the data for these plots). Table 3 -3 3 
below shows the degradation rates of the solutions. 
Table 3-3 
Sample DP/min 
3B 6 0.0435 
3B 23 0.0382 
3B 47 0.0417 
Laboratory Sample 1 0.0118 
Laboratory Sample 3 0.0279 
As received 0.3109 
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Shear degradation of the solution could also have contributed to the changes observed in this 
experiment, because repeat measurements were made on the same sample. This was 
investigated as follows- One solution was used and separated into three, one left in situ 'in the 
Ubbelohde tube, the other two solutions were used fi7esh and aliquots taken over the day, one 
was exposed to air in a beaker and the other was sealed under nitrogen (Tables 13,14 and 15, 
Appendix 1 contain the data for these plots). Figure 3-8 shows how the rate of degradation of 
the solution varied depending on the measurement of the same sample. 
Figure 3-8 
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The DP of the sample left in situ decreased at a faster rate (approximately 0.64 DP per minute) 
to that exposed to air in a beaker (0.35). Another important observation can be seen from this 
plot that there is little or no deterioration in the DP of the sample solution sealed under 
nitrogen. The DP of Kraft paper solutions prepared fi7om laboratory aged paper decrease at a 
different rate to that of the transformer paper solutions. The difference could be attributed to 
different types of Kraft paper or the dfferent starting DPs. 
Conclusion: the rate of deterioration of the cuen/cellulose solution differs depending on the type 
of paper, its source, exposure to air and its starting DP. The rate of deterioration fi7om one 
sarnple cannot necessarily be used for the determination of another sample. To calculate the 
DP at time zero, before any degradation had occurred, would require the rate of degradation to 
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be calculated for every paper solution analysed. Therefore in order to minin-ýise any 
inaccuracies the solution must be mixed and stored under nitrogen and analysed as soon as it 
has reached thermal equilibrium in the temperature controlled bath (about 10 - 15 minutes). 
3.5.2.5. Further Discussion of Solution Stability 
The decrease in the apparent DP of the paper solution indicates that the interaction between the 
copper complex and Kraft paper is air sensitive, whereas the cuen/water solvent itself is not 
significantly affected during the day's exposure to air. The solvent cuen is known to be 
susceptible to oxidative attack (Henley 1960), but during the day's analysis the effect was too 
small to be detected. 
The complexation of the copper with the paper is susceptible to oxidative attack and after 
prolonged periods of exposure the copper falls out of solution. The rate increases with 1= 
decreasino, DP because a paper sample with a low avera e, molecular weight will have a higher 09 
percentage of carbon (carbon is a product of the degradation of cellulose) than a sample of 
higher DR Carbon is a reducing agent and reduces the copper (2+) causing it to fall out of 
solution. 
The different rates of deterioration of the three laboratory samples is possibly due to different 
degrees of complexation of the paper and the copper, because the samples have different initial 
DP's. Sample 1 has been severely aged compared to sample 3. The number of -OH groups on 
the cellulose chain would be significantly lower than a sample with a higher DP, but the 
concentration of carbonyl groups in aged cellulose would be higher. The strength of the 
copper/carbonyl bond would be greater than that of the copper/hydroxyl bond because of the 
differences in the electron density of the double bond compared to that of the single bond. 
Therefore copper will bond to C=O stronger than the OH and thus the DP degradation rate of 4= 
as-received paper will be higher than that of an aged paper sample. C 
Conclusion. Oxidative degradation of the cuen/paper solutions can be seen by an apparent 
decrease in DP with respect to time. The rate of degradation is dependent on the DP of the 
sample, i. e. the concentration of hydroxyl versus carbonyl groups. 
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3.5.3. Temperature of Analysis 
The viscosity of any liquid is dependent on temperature The temperature of the 
thermostatically controlled bath in which the viscometer tubes are supported is important. This 
should be 25 ± 0.1 T., when calculating the DP for cellulose (stipulated in the standard 
methods ASTM D 1795-90 and BSI 6306). However the temperature should be 20'C when 
measuring the DP of insulation paper (ASTM D 4243-867 IEC 450) and 20 T was used in the 
method developed here. The Mark Houwink constants used are dependent on the temperature 
at which they were calculated , 1. e. the temperature of analysis. The constants used here were 
those quoted for Kraft transformer insulation measured at 20 'C. In order to quantify the 
temperature effect on the DP the temperature of the thermostatically controlled bath was 
altered. The same sample was left In the viscometer tubes while the temperature of the 
thermostatically controlled bath was increased. The bath was allowed to stabilise before the 
viscosity measurement was taken. Figure 3-9 shows how the apparent DP of three 
transformer paper samples decreased at the same rate with respect to increasing temperature. 
(Table 16, Appendix I contains the data for this plot). 
Figure 3-9 
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Note. The samples were left M situ in the viscometer tubes during the day's analysis and so the 
plot was adjusted to account for the degradation rate due oxidative attack (2.46DP an hour for 
7 hours). 
Conclusion- The DP is effected by temperature but only to a smaU extent. A two or three 
degree difference in temperature would only correlate to a DP error of about 3-5 (for the above 
three transfonner samples- change of approx. 0.7- 1.1%). 
3.5.4. Reproducibility Between Different Measurement Methods 
In this experiment the results obtained from PERA are compared to those measured from the 
method developed here. All values were calculated using Mark Houwink constants stated in 
the standards for transformer insulation at 20 degrees Centigrade. Two types of as-received 
Kraft paper used in transfonner windings, supplied by M. Ali (National Grid, Leatherhead, 
Surrey, England) were used, Crepe and HS Kraft paper. The samples were analysed/prepared 
in the same manner and duplicates were run. The samples were fluffed in two ways to 
deten-nine whether the fluffing of the paper was IMPortant in the final DP value. PIRA use a 
dry fluffing technique, whereas the method developed here uses a wet pulping approach. The 
DP results can be seen in Table 3-4. 
Table 3-4 
Sample DP PIRA 
TR. (T)215 
Dry Fluffing Crepe 1286.5 1152 
Dry Fluffing Crepe 1286.9 1100 
Dry Fluffing HS New 1351.7 1180 
Dry Fluffing HS New 1366.4 1210 
Wet Pulped Crepe 1244.5 1091 
Wet Pulped Crepe 1218.4 N/A 
Wet Pulped HS New 1328.4 1139 
Wet Pulped HS New 1339.8 1150 
74 
Chapter 3: Ex 
, perimental 
The results indicate that the type of pulping/fluffing used does not effect the DP, however the 
DP values quoted by PIRA are consistently lower (150-200) than the values measured using 
the method here. The results are consistent within the methods used. The differences could be 
attributed to variations in the apparatus used in the measurement. PIRA use a different type of 
viscometer tube and the temperature of analysis was 23'C instead of 20'C, but YC does not 
account for such a difference (Figure 3 -9). PIRA use viscometer tubes described by the SCAN 
method which are not mentioned in the ASTK IIEC or BSI methods, where calibrated tubes 
are used. Both SCAN viscometer tubes and Ubbelohde tubes should give the same intrinsic 
viscosity values, as long as the calibrations are correct. The efflux times at PIRA were very 
short, appro)dmately 60 seconds, whereas the method here involves efflux times of about 20 
minutes. The shorter the time could introduce larger errors as described earlier. In addition the 
quicker the flow rate the more susceptible the solution it is to shear degradation and thus 
apparently lower DP's. 
Conclusion- The two different procedures used provide self consistent results within the 
respective methods. However, the short efflux time measured by PIRA may introduce an error 
in the calculation due to shear degradation. The DP difference associated with the two 
methods must be due to a physical error in the analysis or the calibration constants of the 
viscometer tubes 
3.5.5. Source of Kraft Paper 
Reproducibility of the calculated DP of transformer windings was compared to that of 
laboratory aged paper samples. Transformer windings are comprised of copper wire wrapped 
with insulation paper. The type of paper and the degree of ageing found on a particular 
winding can vary. For example two thicknesses of Kraft paper were found around windings 3B 
61,23 and 47 (0.124 mm and 0.051 mm). In this study the DP of both thicknesses was 
measured. The variation of DP of the transformer samples was compared to that of the 
laboratory aged paper. AD three transformer windings had two thicknesses of paper and the 
DP's were, in all cases, lower for the thinner paper. The results are shown in Table 3-5 (Table 
19, Appendix I contains the DP data). 
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Table 3-5 
Sample DP average 
thick 
95% confidence 
limits 
Standard 
Deviation 
DP average thin 
3B 6 439.2 7.224 15.637 395.8 
"'B 23 3 447.9 8.384 18.148 318.7 
3B 47 451.4 6.997 14.281 382.1 
Sample 2 215.9 0.876 1.548 N/A 
The DP of transformer windings is more variable than that of laboratory aged paper. The r. s. d. 
associated with the transformer samples 3B 6,3B 23 and 3B 47 compared to that of the 
laboratory aged sample 2 (at the same concentration) is 3.56%, 4.05%, 3.16% and 0.726 
respectively. (Tables 2,17,18 Appendix 1 contain the statistical data for the transfonner 
samples 3B 6,3B 23 and 3B 47, Table I for the laboratory aged sample 2 respectively). 
The DP differences between transformer samples from dfferent windings is due to different 
rates of degradation, but the thinner paper appears to have degraded quicker than the thicker 
paper. The rate of degradation may however not be thickness dependent, but related to the 
position of the paper around the copper winding. Whether the thinner paper was the inner layer 
of the winding, i. e. in contact with the hot copper wire, or it was on the outer layer and more 
prone to oxygen and acid attack (from components in the oil). The position of the paper on the 
winding was not known. Different batches of Kraft paper are also known to have been 
wrapped around the swne transfonner winding (Ali, 1995) and they may weU have had a 
different starting DP, or rates of degradation. Therefore it is important to know the type of 
paper on the transformer windings. 
Conclusion: The ageing of Kraft paper within a transformer is less uniform than in the 
laboratory. This could be due to temperature gradients through the transformer, the position in 
the winding - whether the paper is in contact with the copper or the oil, the position 
in the 
transformer at the top/bottom or the variation in the original DP of the paper. 
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3.5.6. Mark Houwink Constants 
The molecular weight can differ significantly depending on the Mark Houwink constants used 
in the data analysis. Different constants from the Polymer Handbook (Immergut et al., 1989), 
were used to analyse the same data in order to make a comparison with the standard DP of 
cellulose methods. ASTM D 4243-86 which quoted values (a -I and k=0.0075) and the 
ASTM D 1795-90 quoted an approximation to the DP of cellulose, which involved multiplying 
the intrinsic viscosity by 190 (BSI 6303 does not quote any values). Table 3-6 shows the 
variation in DP depending on the constants used (note: most of the sets of constants are related 
to 100% cellulose and not specific to insulation paper). The same intrinsic viscosity of a single 
sample was used throughout (3.320 dl/g). 
Table 3-6 
MHS Constants DP Reference 
a k 
1 0.0059 562.71 S. Newman., L. Loeb,. C. M. Conrad, (1953) 
I Polym. Sci. 
, 
Vol. 10, pg. 463 
0.9 0.0098 647.16 M. Marx, (1955) 
Makromol. Chem. 
, 
Vol. 16, pg. 157 
0.9 0.0082 788.91 M. Marx, (1956) 
Pa ier, Vol. 10, pg. 135 
1 0.0058 572.41 S. Claesson,, W. Bergmann, G. Jayme, (1959) 
Svensk. Papperstidn., Vol. 62, pg. 141 
1 0.00248 13 3 8.71 G. Meyerhoft, (196 1) 
Fortsch. Hochpolymer Forsch, Vol. 3, pg. 59 
0.76 0.0244 642.04 M. Marx-Figini, (1962) 
Papier, Vol. 16, pg. 551 
1 0.00448 741.07 M. Marx-Figini, (1962) 
Pa ier, Vol. 16, pg. 551 
1 0.0075 442.67 ASTM 4243-86/IEC 450 
N/A N/A 630.80 ASTM 1795-90 
Approximation of DP, calculated 
_by 
intrinsic viscosity * 190 
The DP can be seen to vary between 440 and 1340 for the same intrinsic viscosity. The Mark 
Houwink constants in the method used here are those quoted for transformer insulation paper, 
in ASTM 4243-86 and IIEC 450, where a7--l and k=0.0075. 
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3.6. Dissolution of Cellulose For SEC Analysis 
Size Exclusion Chromatography (SEC) provides the molecular weight distribution of a 
polymer. SEC was used to study the degradation of cellulose by looking at how the 
MWD changes as it degraded, with a view to provide a better understanding of the 
degradation mechanisms. Much of the literature surrounding the SEC of cellulose has 
been based on derivatives of cellulose,, Chapter 2. However, in this thesis it is assumed 
that derivatisation techniques are harmful to cellulose and so a non-degradative method is 
investigated. Different solvents have been studied in the literature to find a suitable solvent 
for the SEC of cellulose,. as were described in chapter two. Two solvents are investigated 
in this thesis, cadoxen and dimethylacetarnide/lithium chloride. 
3.6.1. Cadoxen 
Cadoxen was prepared according to the method of Donetzhuber (1960) -. 
* Cadmiwn oxide (9% wt/vol. ) was dissolved in an aqueous solution of 28% ethylenediamine 
(EDA), freshly distilled and pre-cooled to 4'C. Distilled deionised water was used 
throughout. 
* The cadmium solution was diluted with 28% EDA aqueous solution containing 6.5% 
sodium hydroxide to obtain about 5% cadmium. Henley (1960) reports that the cadmium 
concentration must he between 4.5-5.2 % to dissolve cellulose satisfactory. The cadmium 
concentration was analysed using atornic absorption spectroscopy of a diluted portion of the 
cadoxen solution (0.1-2 ppm). 
The use of sodium hydroxide was shown not to be essential when dissolving Kraft paper, 
pre-treated with sodium hydroxide and hydrogen peroxide. This agreed with work of 
O'Donohue et al. (1987). Whereas when Kraft paper had not been pre-treated then added 
to cadoxen it would not dissolve at all. 
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In order to validate the use of cadoxen as a possible SEC eluent for cellulose, its dissolving 
ability was investigated. Kraft paper had to be pre-treated before it would dissolve in 
cadoxen. Activation of cellulose with water alone was insufficient. Cotton paper and 
cotton linters would not dissolve fully either. All solutions had a gel like appearance. 
Therefore more stringent condition were used to swell the cellulose samples before the 
addition of cadoxen. Hydrogen peroxide (Martell, 1990) and sodium hydroxide were used zn 
in different concentrations to aid the swelling process. Hydrogen peroxide was used to 
break down the lignin within the Kraft paper, but at the same time it appeared to attack the 
cellulose chains as well. Kraft paper was treated with H202 and NaOH in different 
amounts and time scales and the degree of polymerisation was measured to study any 
degradative effects of dissolution. Table 3-7 shows how the DP of Kraft paper decreased 
depending on the pre-treatment and Table 3-8 the cotton paper. 
Table 3-7 
Laboratory Book 
Reference 
Pre-soaking Agents (ml) Time DP, 
H20 H202 NaOH (Hours) 
167.2 30 1 3 10 6.25 
930 
182.2 30 0 10 16 1150 
185.3 30 1 0 20.3 1120 
185.4 30 2 0 20.4 1090 
186.2 30 0 0 20.9 1380 
188.1 30 1 10 18.4 740 
188.2 30 0 10 18.5 930 
188.4 30 1 0 18.5 1050 
Degree of Polyrnerisation of as received Kraft paper, no pre-soak. Average - 1257 
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Table 3-8 
Laboratory Book 
Reference 
Pre-soaking Agents (n-ý) Time DPv 
H20 H202 NaOH (Hours) 
167.9 30 3 10 16.1 470 
169.10 30 3 10 16.1 470 
182.3 
. 30 3 0 16 650 
182.4 30 0 10 16 890 
182.6 330 0 0 16 1050 
Degree of Polymerisation. of as received cotton paper, no pre-soak. Average - 1138.6 
Conclusion- In order to dissolve cotton and Kraft paper in cadoxen a pre-treatment stage 
was needed that caused detrimental effects to the molecular weight. 
3.6.2. Dimethylacetamide/Lithium Chloride 
A method for the SEC of cotton paper and cotton linters, using DNIAc/0.5% LiCI, has been 
developed from the original method of Ekmanis (1986,1987). The procedure used in this 
thesis was as foRows: 
9 the paper samples were mulched in distifled deionised water using a laboratory blender and 
soaked in water overnight. 
the pulp was passed through a grade 2 sintered filter. 
rinsed thoroughly with methanol and mixed with methanol 2-3 hours (sealed container, to 
avoid evaporation). 
filtered as before and washed with DMAc- 
* mixed for a 2-3 hours with dry DMAc. 
e filtered as before. 
* the pulp removed from the sintered filter and added to DMAc/8%LiCl 
(20ml). 
* stirred until a clear solution had formed (248 hours, depending on sample). 
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The removal of all the water during the solvent exchange step is a vital part of the procedure. 
Water is believed to compete with the hydroxyl groups of the cellulose chain, therefore the 
DMAcALiCI molecules cannot complex with the cellulose and dissolution cannot occur. The 
interference of water with cellulose dissolution was verified when water was added to clear 
solutions of cotton paper. The gel which formed appeared very sin-@ar to the 'insoluble zn 
solutions' found during initial experiments, when some residual water may have been left 
behind. 
Tullis Russell Kraft paper did not dissolve fully and no SEC results are reported for this 
material, only cotton paper and cotton linters could be dissolved using this technique. Some 
Kraft papers however did dissolve using the method of Timpa et al. (1995). A Kraft paper 
sample obtained from Hawker Siddeley (called HS new) did dissolve as did some samples from 
a scrapped transformer. It appears that the Kraft paper supplied by Tullis Russell for use 
throughout this investigation is not the same as that used by Hawker Siddeley in transformers. 
The differences between the two sources of Kraft paper is attributed to the fignin content, since 
lignin is known to cause problems when dissolving cellulose/lignin pulps (Lee et al., 1988) . 
The concentration of fignin in the papers was measured to verify this theory, using method 
ASTM D 1106-84 (acid insoluble lignin content, see Appendix I B). The lignin content of the 
Hawker Siddeley and Tullis Russell as received Kraft paper was 3.72 and 4.42% respectively. 
The higher level of fignin in the Tullis Russell paper may well account for its lower solubility 
than the Hawker Siddeley. 
3.6.3. Derivatisation of Cellulose 
Cellulose tricarbamate was prepared as an alternative method of dissolving cellulose for SEC 
using the method of Evans et al.. (1989). Once again the Tullis Russell Kraft paper samples 
did not fiffly dissolve using this technique, but cotton paper did. One aged set of cotton paper 
was derivatised and analysed by SEC. 
Dry cellulose (approx. 50 mg) was cut into small pieces (approx. 2 mm) and treated with 
phenyhsocyanate in freshly distilled dry pyridine (10 ml) at 80'C. A round bottomed flask 
(25ml) fitted vvith a condenser was supported in a thermostatically controlled oil bath. The 
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derivatisation took between 24-48 hours for the cotton paper sample, dependent on the 
molecular weight. When the sample was fully dissolved excess isocyanate was removed by the 
addition of dry methanol (Iml) and the derivative was recovered by precipitation from the 
pyridine solution in aqueous methanol (100 ml, in the ratio 7 -3 water - methanol). A few drops 
of saturated sodium sulphate solution were added to remove any colloidal dispersion that 
formed. The derivative was collected using a glass sinter (grade 1) and washed with aqueous 
methanol (twice) and water (twice). The solid was dried under vacuum overnight at 80'C. 
The nitrogen content of each derivatised sample was calculated from elemental analysis. The 
percentage of nitrogen in a dried sample of cellulose carbarnate should be approximately 8.2%. 
However all samples prepared contained in excess of this (at least 10%), possibly due to 
incomplete removal of the solvent (pyridine). Attempts to remove the pyridine and reduce the 
nitrogen content by finther washing steps were unsuccessful, for example precipitation from 
acetone as described by Evans et al. (1989). 
3.7. Size Exclusion Chromatography 
3.7.1. SEC Hardware/Software 
The SEC instrument is the Waters 150-CV (GPCV), which incorporates refractive index and 
viscometer detectors. The use of such a multi-detector system incorporating a viscometer 
detector allows the user to calculate absolute molecular weights using the universal calibration 
technique (Chapter 2). 
3.7.2. Hardware 
The GPCV is a sealed unit with three main compartments for, the pump, the injector and the 
column. Each compartment has separate heaters, the column and injector compartment can 
operate at 150'C, whereas the pump can only be heated to 60'C. A reservoir is located outside 
of the GPCV casing and degassed solvent is drawn into the system with the aid of a pre-pump. 
The solvent then passes through a filter before going to the pumps, pulse damper and then the 
"bobs". The bobs aid the pulse damper, to reduce viscometer baseline noise, by providing extra 
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resistance. From the bobs the eluent is pumped to the injector, which consists of an automatic 
syringe and sampler system. Up to 16 samples (500 [d) can be analysed at a time. After 
injection the sample is passed through a pre-column filter to protect the column set by 
removing any particulates or insoluble material. An increase in the GPCV system pressure is 
observed if a sample precipitates out of solution on the pre-column filter. The columns used 
are dependent on the operating conditions (temperature, eluent). Four columns were used in 
series with DMAc/LiCl as the eluent,. Waters ptyragel HT 103 A, 104 A, 10' A and a Waters 
ultrasytragrel 106 A in series. For aqueous SEC using cadoxen two column were used, 
Shodex OFIPAK KB-80M and KB-800P. 
The two detectors viscometer and refractive index at equilibrium (i. e. pure eluent flow, at the 
operating temperature etc. ) should produce steady baselines with outputs of 2.8OmV and 
2.87mV respectively. The length of the viscometer capillary tubes, the flow rate, the 
temperature of the system and eluent type all effect the output of both detectors. Re-calibration 
of the GPCV is necessary whenever any of the operating parameters are changed. The choice 
of capillary is dependent on the viscosity of the solvent. The longer the capillary tube the larger 
the pressure drop across the tube. The more viscous the solvent the shorter the tube. 
3.7.3. Software 
The software used for data acquisition and processing is supplied by Waters and is specificaUy 
designed for their chromatographic instruments (Mileniurn 2.1 for Windows). It requires 
certain parameters to be entered before any data acquisition of unknowns can take place. The 
flow rate,, viscometer offset, injection volume and the eluent density at operating temperature 
are reqwred. These are measured according to procedures described in the GPCV Waters 
manuals. 
The GpCV is programmed using the electronic panel on the front of the instrument, as 
described in the 150 CV manual. The computer only acquires data from the GPCV it cannot 
control it. 
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3.7.4. Calibrating and Setting up the Waters 150 GPCV 
3.7.4.1. Eluent Parameters 
The eluent dem ON was calculated using a 250 n-d volumetric flask (the Waters procedure uses 
a pycnometer). The volumetric was tared, filled to the line and re-weighed. The mass 
difference and the volume were used to calculate the density 
Density = 
Mass 
Volume 
The volumetric was held at operating temperature of the GPCV (30' for cadoxen and 60'C for 
0.5'/oLiCI/DMAc), in the injector compartment throughout the calibration. 
The actual flow through the columns and detectors was calculated at operating conditions. 
The total effluent from the 150-CV was collected for a known time (60-90 minutes). The mass 
divided by the eluent density gives the volume collected, the flow rate is thus the volume 
divided by time (to the nearest second). 
The iniection volume was calculated using four weighed WISP vials filled with eluent. An 
injection was made fi7om each vial and then re-weighed. The volume injected was found by 
dividing the mass injected by the density. An average from the four vials was used. 
The Wscometer is a measure of the baseline offset from zero associated with the 
viscometer detector. This is calculated by monitoring the baseline at zero flow. 
3.7.4.2. Inter Detector Delay 
The inter dotector was calculated according to the Waters manual, which requires the 
retention time difference between a peak maximum from the viscometer and refractive index 
detector. This was measured for all eight standards used in the calibration and the average 
taken (0.281 minutes). Other methods to calculate the inter detector volume have been 
discussed in the literature (see Chapter 2) but were complicated and applied to an older version 
of the refractive index detector, which gave much longer inter detector volumes. The method 
adopted here was sufficient for relative MWD analysis. In order to check the mistruments 
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parameters a broad standard of known molecular weight averages (NBS 706, polystyrene) was 
analysed using the universal calibration method. 
3.7.4.3. Universal Calibration 
The system was calibrated twice using narrow molecular weight polysacchafide standards with 
DMAc/0-5% LiCl as the eluent,, corresponding to two batches of SEC analyses. Between the 
calibrations,, one column was replaced, because the first column of the column set (ýtstyragel 
HT 106 A) became blocked and inefficient. This however proved to be a problem, because the 
two calibrations gave different molecular weight results. It was thought that replacing a new 
column and then re-calibration of the system would not alter the resulting molecular weight 
distributions, but this was not the case. The molecular weight averages and MWD were higher 
when calculated using the second calibration. The cafibration drift of GPCV was therefore 
investigated. 
A third set of fresh narrow standards, along with the broad molecular weight standard were 
analysed after the second set of cellulose solutions had been completed (2 and 3 months after 
the second calibration). Using the third set of calibrants as the basis for the universal calibration 
the broad standard was analysed and the MWD calculated compared to the same standard 
,,, nl calculated using the first and second calibration, shown in Figure 3-10. The MWID and the 
average molecular weights calculated using the third calibration are closer to those obtained 
using the first calibration. The second set of narrow standards eluted at later retention times 
and thus a different calibration was obtained. The elution times of the standards fi7om the three 
calibrations can be seen. in Table 3-9. 
Table 3-9 
Peak Molecular Retention Times (min) 
Weight of Calibration Calibration Calibration 
Narrow Standard Method I Method 2 Method 3 
853000 35.067 35.567 35.150 
380000 37.167 37.583 37.067 
186000 39.367 39.783 39.233 
100000 41.567 41.933 41.367 
48000 43.733 44.133 43.533 
23700 46.000 N/A 45.783 
12200 47.733 48.150 47.433 
5800 49.600 50.050 N/A 
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A possible reason for the difference in the elution tunes is that the replacement column had not 
stabilised in the GPCV system, i. e. the column packing had not equilibrated before it was 
calibrated. The elution volume of the broad molecular weight standard was unaffected by the 
column change, because it was analysed when the problem with the second calibration set had 
been detected (a few weeks after the calibration had been done, therefore allowing the column 
to stabilise). 
All MWD's of the cellulose solutions were analysed and calculated using the first or third 
calibration set, the results will be described in chapter 4. An example of the calibration plots for 
the 150 CV are shown in Figure 3-11 and Figure 3-12. Figure 3-11 shows the Universal 
calibration plotted according to Benoit et al. (1967) and Figure 3-12 the viscosity law plot =1 
calculated from the viscometer detector, which can be used to calculate the degree of branching 
of the polymer analysed (see chapter 2 for more details). 
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3.7.5. Waters 150 GPCV Running Conditions 
The cellulose samples dissolved in DMAc/0.5% LiCl were analysed in the Waters 150 GPCV 
as foUows: 
Column compartment 60'C, Injector 60'C, Pump 50'C. 
Eluent- 0.5% LiCl in DNlAc,, Density of solvent - 0.9453g/ml. 
Flow rate: (set at 0.8 ml/min on 150 GPCV instrument), calculated as 0.721ml/min 
Run time- 90 minutes. 
Y-- -* injection volume- set as 400ýd on 150 GPCV instrument, calculated as 405.5ý& 
Reffactive index detector- sensitivity -256 for the cellulose solutions, note this is the most 
sensitive. The sensitivity was -64 for the narrow calibration standards. Scale factor of 4. 
Viscometer detector- capillary length (8cm). Viscometer offset- 26 mV. 
Computer processing methods of the 150 GPCV outputs can be found in the Appendix 3 
3.7.6. SEC of Cellulose 
3.7.6.1. Cadoxen 
)ksa described earlier, dissolution of cellulose using cadoxen reduced the molecular weight. In 
addition to this undesired affect, cadoxen also destroyed the column packing over a period of 
a few weeks and separation was poor. There isn't a specific column available for such a 
solvent as cadoxen. The samples were also run on an old refractive index bench with a 
long inter detector delay and used an old version of the software. The refractive index 
detector also became inefficient, due to the cadoxen solvent leaching behind the flow cell 
and dissolving the glue that held the gold leaf reflector in place. 
Conclusion: It was not possible to obtain reproducible results and the use of cadoxen as a 
solvent was abandoned. 
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3.7.6.2. DNUc/LiCl 
Cotton cellulose was dissolved in 8% LiCl/DMAc and the solutions stored at 5'C. The 
concentration of lithium chloride in the mobile phase of the SEC is very important, it had to be 
the same concentration of the cellulose solutions for the following reasons. 
" Injection of a high LiCl sarnple causes precipitation of the polymer, bloching the SEC. 
" If too concentrated the mobile phase becomes very polar and peak elution times can be 
erratic due to adsorption effects (Ekmanis, 1987). 
To reduce this the concentration of LiCl is kept at 0.5%. Reducing the viscosity of the eluent 
to that of the sample is discussed by Czok et al. (1991); this decreases the viscous fingering 
effects associated with high viscosity samples. However, the concentration of LiCl in DNIAc 
must be sufficient to complex with the hydroxyl groups of cellulose and 0.5% solutions are 
unstable if left at ambient for greater than two days. Concentrated cotton paper solutions 
which contained approximately 8% LiCI were diluted to 0.5% LiCl just before analysis. The 
GPCV system was maintained at 60'C to reduce the eluent viscosity. If the viscosity is too 
high the packing of the SEC column breaks down due to the high pressure. If the temperature 
is too high the cellulose in solution may degrade. An example of the elution profile from both 
detectors (viscometer and refractometer) of cotton cellulose can be seen in Figure 3-13 below. 
Figure 3-13 
Flution Profile of Both Detectors 
m. oo -1 
t 
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The molecular weight distributions were calculated for cotton paper and linters aged in air, 
oil and vacuum and will be discussed in Chapter 6. A set of cotton papers aged in air were 
derivatised using the carbamation technique described earlier. These were dissolved in 
0.5%LiCI/DMAc,. approximately 0 . 1% wt/vol. Solutions and were then analysed under 
the same conditions as cotton samples dissolved in 8%LiCI/DNIAc. 
3.8. Computer Simulation 
3.8.1. Degradation Kinetics 
The kinetics of change of the degree of polymerisation tensile strength and furan 
concentration during ageing were complex. Non-linear models were developed to 
describe the changes, which needed to be solved by numerical methods. A commercial 
package (ModelMaker from Cherwell Electronics) was used to solve the differential 
equations. 
3.8.2. Molecular Weight Distribution Modelling 
This work demonstrates the use of computer modelling to mimic the changes in the Molecular 
Weight Distribution during the degradation of linear polymers. The computer simulation was 
originally written in FORTRAN by A. M. Emsley and works using a random number generator. 
It has now been re-written in Visual C++ to run under Windows. 
Size Exclusion Chromatography (SEC) can be used to study the degradation mechanisms of 
linear polymers. Degradation of a polymer can be observed by a change in the molecular 
weight distribution of the polymer. The objective of the computer simulation was to aid the 
interpretation of the MWD changes observed by SEC. 
The computer program sets up a molecular weight distribution by defining a Gaussian or 
skewed distribution of polymer chain lengths. Random degradation of the Polymer distribution 
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proceeds as follows, the random number generator picks one of the chains, containing a 
randomly selected bond, then breaks it into two pieces. The resulting products of degradation 
are then fed back into the initial distribution. Similarly, systematic degradation using a "chop" 
sequence is simulated by randon-fly selecting a polymer chain and then chopping a fixed amount 
of units from it. The chopping sequence chops a fixed length from the chain, which could 
correspond to a stable chain length. The chopping/random degradation sequence can be related 
back to the degradation of linear polymers. 
Other features found in the computer simulation can be selected or omitted depending on the 
desired mechanistic effect. Such features are recombination of the degradation products, 
unzipping of the polymer chain and calculation of degradation Idnetic plots (for example I/DP 
versus time,, as explained by Ekenstarn (1936). The initial selection of a bond tends to load in 
favour of the longest molecules, where the greatest concentration of bonds exist. 
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Summary 
The results of this thesis are presented and discussed in the next four chapters. The first 
section of this Chapter discusses the errors associated with the experiments and the 
analytical methods used to evaluate the degradation of paper. 
The results for each analytical method are presented and then discussed 
conclusions of the thesis will be discussed in Chapter 8. 
4.2. Analytical and Experimental Errors 
The overall 
The errors related to the experiments and the analytical methods used in this thesis to 
investigate the degradation of paper are described as follows- 
* Uniformity of the paper samples. To reduce the errors associated with the uniformity 
of the paper, the same source (Tullis Russell) and thickness (124ýtm) of Kraft paper 
was used. The paper to oil ratio for the oil aged experiments were kept approximately 
the same for all samples (0.06-0.08 g/ml). The paper was cut to a specific siZe for all 
mechanical tests using a paper guillotine. The largest variation in the paper is its 
appearance, small dark flecks can be seen within a sheet of paper, this is an unknown 
quantity. 
The temperature of degradation, 120 ± 1,140 ±2 and 160 ± YC for the oil and ± 2'C for 
the air aged experiments. However the oven used for the Kraft paper ageing at National 
Grid Plc did not perform as with the ovens used at university, due to reasons described in 
Chapter 3. The temperature within the oven varied from 120 -125 'C outside the pots, and 
the variation within may have been worse. This was not easily measured 
due to the physical 
constraints of the oven. 
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* The oil preparation, oxygen and water content analysis, this was dependent on 
instrument error. Oxygen analysis ± 2% and for water ± 1-2%. 
Degree of Polymefisation,, dependent on initial DP, vaned from 5% for as-received 
paper to I% for severely aged paper (see Chapter 3). 
The mechanical strength, dependent on the rolling direction of the paper as it was 
milled and its uniformity. All mechanical tests were measured along the rolling 
direction and ten separate measurements were made for each data point in order to 
obtain an average result. The mechanical strength was also dependent on age of sample 
and whether zero or wide span measurement. The relative standard deviation for wide 
span analysis was between 6 and 12%. for zero 6 and 10%. 
e Furan Analysis; dependent on the recovery rate of the HPLC preparation and analysis 
for each furan, which was 90% for furfuryl alcohol and 95% for the other three furans. 
An overall approximation was taken for the ageing experiments in oil and air. Air ageing 
was more controlled, less need to control oxygen levels. Whereas oil aged experiments 
require the oxygen and water level to be identical in each individual sample, which is not 
very reproducible. A relative standard deviation (coefficient of variance) of 10% was 
associated with the air aged experiments with respect to DP and mechanical analysis and 
15% for the oil. These values will become more apparent when dealing with the ageing 
data using a mathematical modelling program (ModelMaker) later in the chapter. 
4.3. Degree of Polymerisation 
Degree of polymerisation of transformer insulation has been used for 30 years as a 
measure of the condition of the paper, because it is the paper condition that ultimately 
governs the life of the transformer. The relationship of DP with time has been studied 
previously as described earlier in Chapter I and 2, but no one model gave a full description 
of the data. This thesis will show how the DP time relationship can be modelled 
mathematically. 
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Figure 4-1 a shows how the DP changes with time for Kraft paper aged in air at 120T. 
Figure 4-1b and Ic show the zero order and first order plots for the same data. Neither 
relationship follows the entire data set, both deviate from linearity at a DP of 
approXimately 200. 
If a DP of 200 corresponded to the end of life point of the paper within a transformer one 
could argue that either relationship could be used to calculate the life expectancy of the 
paper (with respect to DP). However there are reports of working transformers with Kraft 
paper having DP's of 150 (Oommen and Arnold, 1981; Shroff and Stannett, 1984). If a 
DP of 150 was used as the critical point then the first or zero order relationship would 
predict a lifetime up to 50% lower than the true value (see Figure 4-la, lb and 1c). It 
could be argued, from Figures Ib and Ic that there is even a significant error (about 10%) 
in predicting the time to DP 200 too. 
Therefore if it was possible to fit the entire data set to a mathematical relationship and 
include DP's lower than 200 this would provide a more accurate life prediction and 
possibly a better insight to the degradation mechanism involved. 
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Kraft Paper Aged in Air at 120'C 
Figure 4-la, lb and lc 
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4.4. Kinetics of Degradation 
It has been suggested by Zou et al. (1996), and others mentioned in Chapter 2 that the DP 
is related (though not linearly) to the chemical chancre and mechanical strength. Zou et al. 4= r: p 
(1996) have recently demonstrated (Cellulose, to be published) that the rate of change of 
DP can be represented by the equation: 
Equation 4-1 
dDP 
= 
lim DP2 
dt At -> 0 
(ýýt)' 
This equation can be derived as follows. The Degree of Polymerisation (DPo) can be 
written as follows, where N is the number of monomers and NL the number of molecules. 
Note that the number of monomers (N) in the system does not change. Zý 
N 
DPO 
m 
As degradation occurs the DP changes. Therefore, the DP of the sample after degradation C) 
(after time t) can be calculated as follows: 
subtracting 
N 
DP,, - ADP, = mo +M, 
N' AT 
ADP, = Mo +Mt - Mo 
AIMO - JVMO - IVMt 
(Mo + Mt)Mo 
Dividing both sides by the change in time 
ADP, lvmt 
At (mo + mt)MoAt 
dDPt lim - Amt 
dt At -> 0 (mo + mt)MoAt 
Assuming Mt is small compared to Mo and multiplying top and bottom by N 
dDP lim N'Mt 
. ---t t dt At -ý 0 M02NAt 
2 
1]'M Mt 
t -DP. At -> 0 NAt 
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Equation 4-2 
= -k, DP' 
where k, = 
lim M, 
At -> 0 NAt 
Therefore, if k, is constant,, then as Zou et al. (1996) points out, the Ekenstam (1936) 
equation can be derived (Chapter I of this thesis). Note there was no need to assume an 
order of reaction to obtain this relationship. 
k1t 
DP DP, 
However if k, changed with time,, for instance if there were molecules/bond that reacted 
more rapidly by the equation (this is used as the basis to the Emsley Heywood Model)- 
Equation 4-3 
dkl 
= -k2k, dt 
where k2is a constant 
tt 
fk 
=f-k2dt 
0 
Integrating between limits and rearranging 
k1t = kjoe- 
k2t 
Therefore substituting into Equation 4-1: 
dDP t_ = _Dp2 
-k2t 
.ke dt t 10 
f 
DPt 2=f-k,,, e 
-k2tdt 
]DP [k" 
e -k2t Dp DPO k2 
-0 
IIk 
-k2t 
-+-= -'! -'-[e - 1] DP, DPO k2 
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Equation 4-4 
klo 
-k -I-e 
2t 
DP, DPO k2 
[I 
Where k is the initial rate at which bonds break and k21s the rate at which k changes. 10 10 
Degradation of Kraft Paper 
The experimental data were fitted to Equation 4-4 and the values of kjo and k2 calculated 
using numerical methods to solve the equation. A numerical modelling package C) Z-: ý 
(ModelMaker) was used to calculate the constants, solving the differential equations using 
iterative techniques. Figure 4-3a, 3b and 3c and Figure 4-4a, 4b and 4c show the 
computer modelled fits using, Equation 4-4 for the six data sets of Kraft paper aged in air Z-) 
and oil. Relative standard deviations for each ageing environment were used in the Z) 
ModelMaker calculations,, 10 and 15% for air and oil respectively. 
Figure 4-2 
Products 
Fl kl -01-- -- 
Cellulose 
The flow chart (Figure 4-2) shows how the 
kinetics were modelled. "Cellulose" ages to 
"Products" via the degradation rate in FI, 
represented by Equation 4-2. The influence 
from '11" as defined by Equation 4-3 to the 
flow "Fl" governs the rate at which k2 
decreases. The starting kI (kjo ) and k2 is 
dependent on temperature of ag, geing. 
The plot for the degradation of Kraft paper in oil at 120'C shows a very good line of best 
fit. However the calculated values from ModelMaker for kjo and k2were not as expected 
from extrapolated values from the Arrhenius equation (using the 140 and 160 'C data). 
This was due to the problems associated with the oven at National Grid p1c, Leatherhead, 
Surrey (see Chapter 3), used solely for the 120'C in oil ageing, experiment. The Cý 
temperature dependence of the ModelMaker constant and the problems associated with 
the oil aged data will be described in an overall kinetic model in Chapter 7. 
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The scatter in the DP was greater in oil than in air, due difficulties controlling the 
degoTadation conditions in the oil compared to that in air. 
4.4-2. Ageing of Cotton Paper and Linters 
Using the same relationship and ModelMaker the constants k1, and k2were calculated for 
cotton paper and cotton linters, also aged in air and oil. Figure 4-5a, 5b and 5c show how 
the first order and zero order conventional relationships fit the DP data for sample set of 
cotton paper aged at 120' in air. As With Kraft paper, neither zero or first order fits the 
entire DP range, whereas Figure 4-6a, 6b and 6c and Figure 4-7,7b and 7c show that 
Equation 4-4 fits very well. Figure 4-8a, 8b and 8c show that the first and zero order 
relationships do not fit the ageing of cotton linters in oil or air even down as far as a DP of 
200. The cotton linters have a higher initial DP than both the cotton and Kraft paper, 
which can help explain the observations. Cellulose with a DP of approximately 1400 may 
have a different physical structure than a sample with a lower DP (e. g. Kraft paper). It 
may contain areas of higher reactivity, for example a higher proportion of weak links than 
the other two types of cellulose. This would then react quicker than the other domains of 
the cellulose. The dashed lines on Figures 8b and 8c indicate a possible initial period of 
rapid degradation before the rate changes again to level off at approximately 200 DP, and 
a three rate process has been suggested by several workers, including Bouvier (1970) and 
Testa et al. (1994). The presence of weak links within the amorphous regions has been 
described by Chang et al. (1973) and others (see Chapter 1) and one could argue, there are 
three different degradation rates occurring simultaneously due to cellulose ageing in the 
crystalline and amorphous regions as well as at weak links. Our model allows an ever 
decreasing spectrum of reactivity and does not require a definite "on or off' reaction or a 
change in the mechanism as degradation occurs. Figure 4-9a, 9b and 9c, Figure 4-10a, 
10b and 10c show that our degradation relationship provides a complete, one step fit to 
the DP data, just as it did for the Kraft and cotton papers. Note that the temperature 
relationships (Arrhenius plots) and the calculated rate coefficients for all three type of 
cellulose will be discussed in Chapter 7. 
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Kraft Paper A2ed in Air 
DP versus Time using the Emsley Heywood Model 
Figure 4-3a, 3b and 3c 
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Kraft Paper Aged in Oil 
DP versus_Time using the Emslev Heywood Model 
Figure 4-4a, 4b and 4c 
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Cotton Paper Aged in 120'Air 
Figure 4-5a, Sb and Sc 
De-qree of Polmerisation versus Time 
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Cotton Paper Aged in Air 
DP versus Time using the Emslej Heyffood Model 
Figure 4-6a, 6b and 6c 
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Cotton Pai)er Aged in Oil 
DP versus Time using the Emsley Heyffood Model 
Figure 4-7,7b and 7c 
Cotton Paper Aged 1200C in Oil 
1200 
1000 
co co 
800 
E 
-2! 1 0 600 
0 
4) 400 
(D 200 
0 
0 
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 
Time (Hours) 
Cotton Paper Aged 1400C in Oil 
1200 
c 1000 
ä. - 800 
600 
400 
m 
9) 200 0 
0 
0 
Cotton Paper Aged 160"C in Oil 
1200 
r_ 
.0 
1000 
(D 800 
E 
2% 
0 600 CL 
4- 0 400 
(D 200 0 
0 
0 
106 
500 1000 1500 2000 2500 3000 3500 4000 
Time (Hours) 
200 400 600 800 1000 1200 1400 1600 
Time (Hours) 
Chapter 4: Results Degree of Polymensation 
Cotton Linters Aged in Air 120 'C 
Figure 4-8a, 8b and 8c 
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Cotton Linters Aged in Air 
DP versus Time using the Emsley Heywood Model 
Figure 4-9a, 9b and 9c 
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Cotton Linters Aged in Oil 
DP versus Time using the Emsley He3Mood Model 
Figure 4-10a, 10b and 10c 
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4.5. Temperature Programmed DP Analysis 
Camino et al. (1996) have recently reported experiments of ageing of paper in oil in a 
temperature controlled oven, which was heated under a linear ramp at PC per hour from 
ambient to 200'C. Samples were removed periodically and their DP, furan and gas 
content measured. He postulated the existence of weak links to explain the sharp decrease 
in DP he observed between 100 and 200 'C. However, Figure 4-11 shows that it is 
feasible to reproduce Camino's results using our model and k 10 and 
k2 values calculated 
from our activation energies (discussed later in Chapter 7). 
Assun-fin the rate does not chanc, 9 ge for each hour then using the Ekenstam (1936) 
equation, discussed in Chapter I- 
II- 
kit 
DP DPO 
The time (t) is one, therefore the DP after each hour is: 
Equation 4-5 
DP = 
DPO 
(k, DPO + 1) 
Using the above rearranged equations one can calculate the DP at any temperature, where 
DPo is the DP at the beginning of each hour of Camino's temperature gradient experiment. 
Because the temperature gradient is I degree an hour. The rate k, is then reduced 
according to Equation 4-3 by the rate k2- 
Therefore one can arise at Equation 4-5 and Figure 4-11 was plotted using the activation 
energies calculated for ki and k2 for Kraft paper aged in air and oil- 
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Figure 4-11 
DP Versus Temperature 
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However one could argue that it is necessary to establish the degradation models 
isothermally against time before adopting Camino's method of study, but it could then 
provide a powerful tool for obtaining kinetic rate constants quickly (250 hours per 
experimental condition as opposed to up to 20,000 hours isothermally at 120 'C). 
ill 
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Introduction to Mechanical Strength 
This section will describe the accelerated ageing results of Kraft paper aged in air and oil. 
The results will be compared to existing theories and observations found in the literature. 
The mechanical strength of Tullis Russell Kraft paper, laboratory-aged in air and oil, was 
studied. The tensile index measured by both zero and wide span measurements decreased 
as the paper was aged. Figure 5-1 shows how the tensile index decreased with time for 
Kraft paper a( ),, ed at 120'C in air and Figure 5-2 for Kraft aged at 160'C in oil. Careful 
measurements in the initial stages of ageing show a small increase in the tensile strength at 
very short ageing times before it decreases, more easily seen at lower ageing temperatures. 
Morrison (1968), Koura (1977) and Yasufuka et al. (1979) have reported similar 
observations for paper. Polyethylene shows a similar increase in the tensile strength during 
the initial stages of degradation, here it is postulated that the chains cross link and 
therefore increase the measured tensile strength (Whitney, 1993). In the case of paper, 
relaxation of the structure as a result of annealing may allow extra hydrogen bonding to 
occur. This phenomenon will be shown more clearly when analysing the degree of 
polymerisation and tensile index data using kinetic models later in this chapter. 
Figure 5-1 
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The raw mechanical strength data (load to break) of the wide span measurements can be 
used to calculate the change in the tensile energy of adsorption (TEA), extension (%) and 
the paper modulus. Figure 5-3 shows how these change with ageing for Kraft paper in air 
at 160'C. 
One interesting observation that agrees with earlier work of G-ramanski (1970) is the 
relationship of the paper modulus against time. There is a slight increase before it tails off, 
this allows one to see the effect mentioned earlier in more detail. Zou et al. (1994) 
commented on this observation saying it was due to the presence of lignin and 
hemicelluloses found in wood pulps and Kraft paper. Zou et al. studied the degradation 
behaviour of Whatman filter paper and cotton linter sheets and did not observe this, 
because of the purer sources of cellulose. 
These were not studied in any further detail, the tensile index was used as a measure of the 
condition of the paper. 
114 
Kraft Paper Aqed in Oil at 1600C 
Tensile Index Versus Time 
Chapter 5: Mechanical Strength 
Figure 5-3 
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5.1-1. Percentage Change in the Tensile Strength 
Arney et al. (198 1) studied the effects of pH on paper and used the relationship of 
percentage change in the tensile strength as a guide to the paper's condition. They 
observed a linear relationship for their data. However their samples were only aged to 
40/50 percent of the original strength. Figure 5-4 shows the linear relationship might hold 
as far as 50% (straight line) of its original strength, but it definitely deviates beyond this. 
Figure 5-4 
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One could argue that this relationship can be used to show where there is a significant 
change in the strength of the paper, but a relationship to fit the entire data set would 
provide a better guide to the deterioration (solid lines). 
Page Equation 
Analysis of the tensile data using the Page equation (1969, see Chapter 2) can be seen in 
Figure 5-5. The plot of I/T versus 9/8Z should yield a straight line, it however deviates at 
high ageing times. Zou et al. (1994) explains that linearity indicates that the cause of 
strength loss during accelerated ageing experiments 
is fibre strength loss and not bond 
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loss. This does hold for Figure 5-5 if the last point is ignored. The last point is highly 
degraded material and difficult to analyse accurately, therefore can be ignored. 
Figure 5-5 
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5.2. Mechanical Strength versus Degree of Polymerisation 
Zou et al. (1994) reported that a plot of zero span tensile index against DP gave the same 
relationship independent of the ageing conditions. They explained this in terms of the 
average chain length of cellulose, where the DP was the factor controlling of the fibre 
strength in accelerated ageing experiments. However there does appear to be a difference 
between Kraft paper aged in air or oil, but one that is independent of temperature. Figure 
5-6 is a plot of the zero span for Kraft paper aged in oil and air at all three temperatures. 
Note there are two distinctive data sets. 
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Figure 5-6 
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Therefore the fibre strength of Kraft paper aged is dependent on the ageing condition and 
the corresponding DP is slightly different whether aged in oil or air. Therefore maybe the 
degradation mechanism is different. 
5.2.1. Inter Fibre Strength 
There is an interesting trend in the ratio of wide span to zero span tensile index (i. e. the 
degree of inter fibre bonding; Casey, 1981). Figure 5-7 shows the relationship for Kraft 
paper aged in air and oil at all three temperatures. 
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Figure 5-7 
M-JL 
rq; -cmio of VMddZero Span versus DP 
0.8 
0.7 
CL 
(A 0.6 
C) (D 0.5 
N- 
'- (D 0.4 (D - 
0.3 
0.2 
0.1 
0+- 
1400 
Degree of Pdynensabon 
It can be clearly seen that the ratio remains constant until the DP reaches a value of about 
200 where it falls off dramatically. One could argue that the line should be less than 200, 
however a value of 200 was chosen because of its use in the literature as the end of life 
point. Therefore it appears that the inter fibre bonding is unaltered until the paper reaches 
a DP of about 200, which traditionally corresponds to the end life point of the paper 
insulation. Therefore one could argue whether it is possible to operate a transformer 
below a DP of 200 where the inter fibre strength appears to drop off dramatically even 
when DP's of less than 200 have been measured on working transformers. 
5.2.2. Relating DP to Tensile Index 
Wiedmann (1996) used a plot of tensile strength versus reciprocal DP to interpret ageing 
data. Figure 5-8 and Figure 5-9 show plots of Tensile index versus reciprocal DP for 
Kraft paper aged in air and oil respectively. The relationship may hold initially but it 
deviates at low DP's in the same way as the first and zero order kinetic relationships for 
the DP data. 
119 
1200 1000 800 6DO 400 200 0 
Chapter 5: Mechanical Strength 
Figure 5-8 
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Therefore Wiedman's (1996) analysis does not hold for the entire degradation process and 
an incorrect end point may be calculated. 
McNutt (1992), Shroff et al. (1985) and Montsigner (1930) have all suggested that when 
the strength of the paper has reached 50 % of its original it has become "too brittle" to 
operate within a transformer. However it is possible to measure the tensile strength of 
laboratory aged paper samples down to 85-90% of its original strength and the rate at 
which the tensile index changes decreases as the change in tensile index increases above 50 
%. If one chose to operate a transformer until the insulation paper reached a tensile 
strength of say 70% reduction of its original tensile strength, the predicted life expectancy 
would increase dramatically (approximately three fold). Therefore is 50% of the tensile 
strength an acceptable end point of the paper? Why 50% of the tensile strength or a DP of 
200 were chosen as the end point criteria is unclear, the insulation capability (i. e. the 
dielectric constant) remains fairly constant even below a DP of 200. The choice of DP and 
tetisile strength end point criteria are arbitrary and have a very significant effect on the 
predicted life expectancy. 
If one could model the degradation process more precisely and an accurate end point was 
found then the life expectancy would be more easily calculated. 
5.3. Modelling the Tensile Strength 
The mechanical strength of Kraft paper aged in air and oil was analysed. Both wide span 
and zero span measurements decrease with ageing. And the following model will show as 
with Zou et al. (1994) that the average chain length (DP) is related to the fibre strength. 
Two simple models of the change in tensile strength with time were tested. 
dTS 
= -kl *B dt 
& 
dTS 
=-A*DP dt 
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Where ki =- klo e 
k2t 
and A and B are constants. 
Neither were totally satisfactory. Neither adequately described the increase at the short 
times of ageing and both tended to fall too rapidly at long ageing times, as shown in Figure 
5-10. The most satisfactory model, which fits all the data was a combination of the DP 
and ki to obtain the following Equation 5-1 
Equation 5-1 
dTS 
= -klk3 + k4DP dt 
Figure 5-10 
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The goodness of fit is better using Equation 5-1 than using the DP and ki variables alone, 
0.98441,0.9722 and 0.9229 respectively. We postulated that ki * k3equates the decreasing 
behaviour of the tensile index with effects of bond scission. Whereas k4 * DP decreases 
the rate of deterioration, especially at high DP, and may indicate increase hydrogen 
bonding or cross linking. This will correspond to the slight increase in the mechanical 
strength seen at the start of paper ageing experiments, this is very small and is why there is 
only a slight improvement in the fit using Equation 5-1 than using either variables alone. 
This phenomenon is not clearly seen at higher ageing temperatures, 160 'C, due to the 
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speed of degradation. Initially it was thought k3 and k4were arbitrary constants and not 
necessarily temperature dependent, however this will become evident in Chapter 7. 
Equation 5-1 can be related to the DP Equation 4-4 in Chapter 4 and rearranged as 
follows. The DP equation must be rearranged into the form of a standard integral; 
kl, 
-k, t (I-e 
DPt DP,, k2 
I= kj, 
I-e- 
k2 
+ 
DPt k, DPý 
DP,, kl (I -e 
-k2t) +k 002 
DP, k Dp 20 
DPt 
kDP,, 
DPOkIO (I -e-k, 
t) 
+k2 
k2t 
multiPlYing by e one can obtain the standard integral required 
DPt = 
k2DP,, e 
k, t 
- 
e k, tDPok, ý 
(I 
-e 
-k2; 
) 
+ k2e 
k2t 
DPt = k, t 
k2DPe k, t 
k2t 
e DP,, kl,, - DPok, + k2e 
DPt k2 
k2DPoe k, t 
et 
(DPO k,,, + k2) -DpOklo 
then dividing by (DPO k+k gives; 10 2) > 
k2DP,, e 
k2t 
DP, 
(DP,, k, 
ý +k 
2)_ 
Let K' 
DP,, 
e 
k2t DPok, 0 
(DP,, klo +k 2) 
(D-Po k, 
0+ 
k2) 
DP, = k2K' k2t 
e 
k2t 
e- kjOK' 
Then substituting DPt into Equation 5-1 
dTS 
= -k3k, +k4 k2K k2t 
ek2t 
dt e- kjOK') 
Substitute k, = kjoe 
-k, t 
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TS, t 
-k2t e 
k2t 
f dTS f k3k,, e + k,, 
k2K' 
k2t 
Tso 0e kjOK' 
_fdt 
k3k,, e- 
k, t 
ITS], 
=-- TSO 
-k 
elirMnating k2and substituting t 
k, k2K' 
In(e 
k2 '- klo K'» k2 
Tst - TSO = 
k35 k 10 e 
-k2t 
+ 
[k, K'(1 n(e 
k, t 
- k,,, K')) +k4K'(In(I - klo K')) k2 k2 
k3kjoe- k, t 
k, t 
k3k, 
' Tst - TSO =-k, + k4K'(In eý- kl,, K')) - k2 - 
k4K'(In(I - kl,, K')) 
Let K, = 
k, k 
,K=k 
K' and K. =k K', Where K' k, 241 10 
DPý 
DP,, k, 
O + 
k2 
Therefore TSt - TSO = Kle- 
k2t 
+ K2(ln(e 
k, t 
_ Ký, )) - K2(ln(I - K3)) -K 
Substituting K, =(K2(ln(I - Ký 
)) 
- K, 
) 
Equation 5-2 
TSt - TSO = Kle- 
k2 t+ 
K2(ln(e 
k2t 
-K3)) - 
K4 
Figure 5-11 shows the modelling flow chart used in ModelMaker. "TS" depicts the tensile 
index changes with time (using the differential Equation 5-1) and this is influenced by the 
rate at which 'DP" and "k I" changes. The differential equations used in 'DP" (dDP/dt =- 
Dp2*kl) and "kl" (dkl/dt = -klo*k2)were shown in Chapter 4. The initial values of kI 
are dependent on temperature, and will be discussed in Chapter 7. The initial DP was 
1257 for Kraft paper and the tensile index was 180.2 and 110.6 (Nm/g) for zero and wide 
span respectively. 
Figure 5-11 
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The calculated rate coefficients (ki, k2, k3 and k4) and Equation 5-2 can be used to fit the 
experimental data. Figure 5-12a, 12b and 12c and Figure 5-13a, 13b and 13c show the 
tensile index changes as Kraft paper is aged in air and oil respectively. The higher curve Z: ý 
represents the zero span and the lower the wide span. The four constants (k3 and k4 for 
both zero and wide measurements) were calculated using the numerical modelling program 
ModelMaker. Wide and zero span measurements were optimised separately. 
Note that the calculated curves for Kraft paper aged in oil at 120'C were obtained as 
follows: As explained in Chapter 4 when dealing with the DP data alone there were 
inconsistencies with the constants calculated by ModelMaker to the ones extrapolated 
using the Arrhenius equation from 140 and 160 'C and the tensile data did not appear to 
fit the same Arrhenius trend either. This may be due to errors associated with the 
experiment or a combination of errors, such as- 
* lack of DP and tensile data over the entire degradation process (i. e. down to below a 
DP of 200). 
9 or temperature fluctuations associated with the oven without the aluminium block, i. e. 
the 120 'C M oil experiment. 
Therefore a suitable optimised model was not possible using only the 120 data. However 
in Chapter 7 Transformer Applications an overall model will be shown, which incorporates 
the DP and tensile index at all three temperatures (with an adjustment to the temperature 
of ageing of the so called 120 'C experiment) and therefore the tensile data at 120'C was 
modelled using the calculated constants from this model and not the individual models as 
with the 140 and 160 OC data. 
The calculated constants ki, k2, k3 and k4were then compared to the constant calculated 
for the other ageing temperatures using the Arrhenius equation. The temperature 
dependence of the constants will be discussed in Chapter 7 Transformer Applications. 
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The Tensile Index Versus Time 
Figure 5-12a, 12b and 12c 
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The Tensile Index Versus Time 
Figure 5-13a, 13b and 13c 
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Two important points- 
o the positive part of Equation 5-1 (second term) is only important for the low 
temperature degradation experiments, i. e. 120 and 140'C in oil and air. Because it is 
only at these temperatures that the small increase in the tensile index at the beginning of 
the experiment can be seen clearly. The experiments at 160'C are too quick to observe 
this small change. 
9 the last two points of the air aged experiment at 160'C were not used in the kinetic 
modelling program (ModelMaker), because the accuracy of DP and tensile 
measurement is questionable. The DP's were less than 100, i. e. highly charred and 
difficult to measure in the Cuen solution see Chapter 3. 
5.3.1. Mechanical Strength versus Degree of Polymerisation 
Revisited 
Because it is the strength of the paper that governs the lifetime it would be useful to plot 
the tensile index versus the degree of polymerisation. The equation for this plot can be 
obtained by rearranging Equation 4-2 Chapter 4 and Equation 5-1 as follows. 
dTS 
-":: -kk, +k DP & 
dDP 
- -kDp2 dt 4 dt 
Therefore- 
dTS 
- 
k4, 
_k4DP DP k, Dp2 k, Dp2 
'Rearranging Equation 4-2 from Chapter 4 to express as kjDP- 
(Note that DPO is a constant) 
Equation 5-3 
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klo 
e- 
k2t 
DPt DPO k2 
k, k2 
- klo - kloe-"t and k, = kloe- 
k, t 
DP DP,, 
ko k, 
kk 
k, k, 
0 
-2 +2 
DP DP,, 
k, 
ODPODP - 
k2DPO + k2DP 
DP, DP 
k DP -k DP +k Dp k, DP 10 02020 
DPý 
Then substituting into Equation 5-3 -. 
dTS k DP,, 4 
dDp Dp 2 DPý (k, 
ý 
DP,, +k 2) -k Dp 20 
tt 
f dTS fk 
k4K' 
Where K'= 
DP,, 
00 
Dp2 DP - k2K' klo DPO + 
k2 
Therefore on integration- 
II 
TS, - TSO = -k3 kK'(In(DP, - k2K) -I n(DP,, - k2K')) 
(DP,, 
- ýbPt) 
Equation S-4 
TSt - TSO = 
k3 
II'- 
k4K'ln 
DPt - k2K' 
, DPO DPt DPO - k2K') 
DP, 
Where K'- 0 
kjDPO + k2 
Note that when DPt is still relatively large then: 
TS aII DPO DPt 
as demonstrated previously. The tensile index plotted against DP can be seen in Figure 5- 
14 and Figure 5-15 for Kraft paper aged in air and oil respectively. The solid lines were 
calculated using ModelMaker, the differential equation (Equation 5-3) was simplified to: 
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Equation S-S 
dTS K, K2 
dDP DP 2 Dp 
The optimised. fit was calculated using the DP/tensile data at all three ageing temperatures 
in air and oil. The constants K, and K2were as follows. 
Zero Span Wide Span 
Air Oil Air Oil 
K, 26970.2 30821.5 16425.9 20107.7 
K2 15.9576 4.18502 9.78947 
1 
4.06585 
Therefore, from a measured DP,. one can calculate the corresponding tensile index of the 
same sample aged under the same conditions. But to what point the paper can operate is 
not exactly certain, it is only guessed at. A better understanding of the chernical 
mechanism related to the strength of the paper is needed before any precise life times can 
be evaluated from a defined end life point. 
Figure 5-14 
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Figure 5-15 
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Furan Analysis Results and Discussion 
The concentration of Furans produced from ageing experiments of cellulose in oil were 
analysed using HPLC. Figure 6-1,2 and 3 show the concentration of Furans (2- 
furaldehyde, 2-acetylfuran, 5-methy-2-furaldehyde and 2-furfuryl alcohol) as Kraft paper 
was aged in oil at each temperature. Previous work of Xiao et al. (1996) has shown that 
these four products are present in oil aged experiments of cellulose types with or without 
lignin (Kraft and cotton paper respectively). The concentration of 2-furaldehyde is the 
highest. It increases gradually then levels off before increasing exponentially to a 
maximum. The concentration then decreases, due to adsorption on the paper and 
degradation to other furans. 2-furfuryl alcohol is the least stable, whereas the other three 
are relatively stable in oil (Xiao et al.,, 1996). 
Generally the concentration of the Furans is higher from the ageing of Kraft paper than the 
cotton cellulose's, probably due to the increase in concentration from the hernicelluloses in 
wood based paper. 
From Figure 6-1,2 and 3 it is very difficult to calculate rate constants for the production 
of each furan, due to fluctuations in the experimental conditions, small variations in the 
oxygen and water concentrations and possible losses due to fifting of the pot lids. The 
fluctuations can also be seen ftom the Degree of Polymerisation data of the oil compared 
to the air aged experiments, however the DP does not oscillate as much as the furan 
concentration. 
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6.2. Kraft Paper Aged in Oil 
2-Furaldehdye Monitoring 
The formation of 2-furaldehyde from the ageing of Kraft paper has been used in the past as I 
a measure of the condition of a working transformer (Burton et al., 1984, -- Emsley and 
Stevens, 1994; Shroff and Stannett,. 1985; Unsworth and Nfitchell, 1990). Shroff and 
Stannett related the log 2-furaldehyde concentration with DP,. this relationship can be seen 
in Figure 6-4 for all types of cellulose aged at all temperatures. 
Figure 6-4 
Relationship of Furaldehvde with DP Cellulose 
T Aqed In Oil 
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The relationship does deviate slightly at very low DP's due to an increase in the rate of 
production of 2-furaldehyde as the DP approaches 200. Figure 6-5 provides a better 
representation of this with respect to Kraft paper, the concentration of 2-furaldehyde 
increases quicker at lower DP's as the inter fibre bonding begins to collapse. 
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Figure 6-5 
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The rates of formation of 2-furaldehyde and their relevant activation energies Will be 
discussed in Chapter 7. 
6.3. Kinetic Models for 2-Furaldehyde Production 
Using ModelMaker to obtain a mathematical relationship for the production of 2- 
furaldehyde was not as simple as with the DP and tensile index models. The next section 
shows models investigated in this thesis and other reports in the literature. 
6.3.1. Hill's Model 
Hill et al. (1996) uses a zero order kinetic rate of degradation as Kraft insulation paper 
ages to investigate the kinetics involved in the production of furans (F) 
simplifies to (Hill et al., 1996): 
% 
/IF 
-=A +Bt dt 
Their model 
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A+Bt 
dt 
This model can be entered into ModelMaker and the constants (A and B) calculated, 
Figure 6-6 shows how the model fits the data presented in this thesis for Kraft paper aged 
in oil at 120,140 and 160 OC. Note that the calculated fit for the 160 'C experiment was 
modelled on the 2-furaldehyde data down to a DP of 200. 
The optimised model adopted by FEII et al. (1996) only fits the initial part of the 160 plot, 
it does not take into account the rapid increase in the production of furans at low DP's and 
the degradation of these furans thereafter, seen by a drop in the concentration of 2- 
furaldehyde (Figure 6-10). Ifill 's model fits the 140 and the 120 experiment only because 
they have not reached a DP of 200. 
Conclusion- Hill's model approximately fits the initial part of the plot i. e. before it reaches 
a DP of 200, but does not fit the entire data set. It does not account for the small increase 
seen as soon as ageing commences, this will be shown in more detail in the following 
section. 
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Figure 6-6 
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6.3-2. ModelMaker Models 
It is possible to fit the a curve to the 160,140 and pseudo 125 'C oil acred data by using a 
more complicated model. This takes into account the rate of production of 2-furaldehyde 
as it changes with time and is dependent on the DP of the paper. The rate of adsorption of 
furans onto the paper increases with ageing (Xiao, 1996) and the rate of degradation of 2- 
furaldehyde is also accounted for. The overall flow chart of the process can be outlined as 
follows- 
Figure 6-7 
pi oducts . 0- f urf ura 1 -. 4 C3 
F4 F3 
F 22 Fl 
C2 
F2 F2 
Fl 
Fl 
k2 ellulose cl EC 
The flow chart describes how the initial "Cellulose" material degrades in stages to C I, C2 
and C3. The flows F1 depict the degradation rate of Cellulose, k, * (Cellulose)2 as that C 
used in the DP model. The formation of 2-furaldehyde (Furfural) is then possible from 
more than one mechanism, - 
direct from the cellulose chain scission (as in F2, e. g. kfur 
C 12. 
,, where 
kfur is a constant ) or from an intermediate, C3 (as described in Chapter I of 
this thesis). Once furfural is formed it then is either degraded to other products or is 
adsorbed on the paper, show by the flow F4 (kdeg * "furfural) to the compartment marked 
"Products". However the compartments and the flows cannot be optimised 
mathematically. The values for each constant were partially optimised and adjusted 
slightly to obtain the best fit. Figure 6-8,9 and 10 show the best obtained fits for the 
increasing portion of the kinetic curve (Figure 6-8 & 9) and the decrease (Figure 6-10). 
(Note: Conc. - ýtg/g of oil per g paper). 
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The Production of Furfural with Time 
Kraft Paper Ai! ed in Oil at Pseudo 125'C 
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The model fits very well at all three temperatures and even at very low degradation times 
the model follows the data see Figure 6-11. The direct flow from "'Cellulose" to the 
Furfural compartment on the ModelMaker flow chart model (Figure 6-7) allows the direct 
production of 2-furaldehyde and fits the data better than if this was omitted and accounts 
for the very small increase at the start of degradation. 
Kraft Paper Aged in Oil at 160'C 
Figure 6-11 
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6.4. Cotton Linters And Cotton Paper 
The same model shown in Figure 6-7 can be used to investigate the furan data from the 
cotton linters and paper oil aged experiments. Figure 6-12 to 6-17 show the production of 
2-furaldehyde for cotton paper and linters aged in oil at all three temperatures. 
The inability of ModelMaker to fully optimise the model shown in Figure 6-7 is partly due 
to lack of data, but may also indicate that the model is not accurate. However it does 
show the possibility that a model similar to this will fit. The model does take into account 
all possible production and degradation of 2-furaldehyde, more data would provide the 
computer modelling package a better chance of optimising fully. Further work is needed 
to provide a more accurate model. 
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Figure 6-15 
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6.5 SEC of Cellulose Results and Discussion 
The SEC of laboratory aged cotton paper and cotton linters using 0.5% LiCI/DNLAc as the 
solvent will be discussed. The samples were dissolved according to the method described 
in Chapter 3 section 3.5. Timpa's (1995) "hot pot" method was used to dissolve the only 
Kraft paper sample, that from a scrapped transformer. Tullis Russell Kraft paper did not 
dissolve in LiCI/DMAc or by derivatisation and therefore was not analysed. Derivatisation 
of cotton paper will be discussed later. 
Figures 6-18 to 6-29 show the molecular weight distribution (MWD) for the ageing 
experiments of cotton paper and cotton linters in oil and air. Figure 6-30 shows the MVVID 
of vacuum aged cotton linters. The MWD changes in the same fashion when aged in oil, 
air or vacuum. As received cellulose has a Gaussian like distribution,, but as soon as the 
sample ages the distribution becomes bimodal before it returns to a Gaussian shape. The 
only major difference between the plots is with respect to the temperature of degradation. 
The low temperature experiments at 120 and some of the 140 'C (Figures 6-18,21,22, 
24,27 and 28) do not show the remnants of a small BMW (high molecular weight peak), 
the position of the FMW remains in the same position for the initial part of the experiment 
and then moves to LMW before disappearing totally. Whereas the high temperature plots 
(Figures 6-19,20,25,26,29 and 30) show there is still a small peak at the high molecular 
weight end of the distribution even when the DP by viscosity has fallen below 200. This is 
possibly due to char build up from degradation at the higher temperature not seen from the 
120' experiments, because they had not reached this degree of ageing. 
The LMW peak on all plots, whether aged in air and oil, at any temperature approximately 
starts at about 320,, 000 just under half the original molecular weight and then decreases to 
LMW. Therefore, initial degradation seems to proceed at the chain centre, which can be 
verified by the sharp drop in DP measured by viscosity before the degradation rate 
decreases. Tendency to the centre of the chain was also described by Plaumann et al. 
(1987) of the degradation of isoprene, where molecules of a certain threshold molecular 
weight would not undergo further scission. Observation of the MWD of cellulose as 
it 
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ages are similar where chain degradation is most likely at the chain centre (shift of peak by 
a chop in half) until it reaches a threshold where MWD moves slowly to LN4W. 
The sharp change in the chain length would not contribute to significant amounts of 
degradation products (furans) and this was shown from HPLC analysis of the oil aged 
experiments. The build up of furans is slow until the DP approaches 200 then the 
concentration increases dramatically, therefore the cellulose chain length is a controlling 
factor. 
The average molecular weights of the cotton cellulose's were higher as calculated from 
SEC measurements than from DP by viscosity analysis. Table 6-1 shows the average 
molecular weight compared to the DP for a typical sample set (cotton linters aged in air at 
120'C). 
Table 6-1 
Cotton Linters Aged in Air at 120'C 
Average Molecular Weight Calculated by SEC and Viscosity 
Aae ZD DP DP n DP,, DP, DPv 
(Hours) by 
Viscosity 
0 1422 1596 4821 10287 2689 
20.75 1098 1190 6051 16327 2481 
52.5 1119 973 5546 15590 2147 
185.5 849 801 3978 11996 2639 
357.75 517 359 1538 4187 1448 
1368 318 277 1363 4122 915 
2448 242 234 962 2917 839 
3648 211 220 859 2583 342 
5543 180__ 74 547 1508 415 
The differences may be due to the Mark Houwink constants used to convert the intrinsic 
viscosity to the DP which were not correct for these types of cellulose. The constants 
used were specifically for Kraft paper and not cotton paper/linters. However SEC analysis 
of one Kraft paper sample (Figure 6-3 1) from a scrapped transformer also gave higher 
molecular weights than its DP (from viscosity), Table 6-2. 
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Table 6-2 
Age DP DPn DP, DP, DP, 
by 
visco 
N/A 522.6 1318 6422 20602 3393.5 
The Kraft paper sample also shows a bimodal distribution, as found for aged cotton 
cellulose. Average molecular weights from the SEC of cotton linters and paper were not 
used to study the degradation kinetics because the bimodal peak distribution, created a lot 
of scatter in the calculated averages. Another error arose from the multi-detection SEC 
(i. e. the inter detector volume), due to mixing of the analyte as it passes from one detector 
to the other. Balke et al. (1990) found that the shape of the MWD does not alter but local 
values e. g. average molecular weights are affected significantly by the inter detector 
volume. Therefore it is not feasible to use the average molecular weight calculated from 
the MWD's of the cellulose samples and that is why only the DP by viscosity was used in 
the kinetic models. 
6.6 MWD Changes With Ageing 
Zou et al. (1994) studied the ageing of Whatman filter paper with SEC analysis. They 
commented that the ratio of DP, /DP, was a guide of the homogeneity of the degradation 
process. The ratio remained fairly constant (for Zou's data), indicating that degradation 
proceeded randomly without any preferential breakdown of the longest cellulosic chains. 
Guita et al. (1990) have modelled polymer degradation in a computer and found that, 
when scissions are purely random, the dispersity index (DP,, JDP,, ) approaches a value of 
two and remains constant independently if any fragments couple together during the 
degradation process. Results presented in this thesis do not follow the same observation. 
The ratio's increase slightly as ageing occurs, i. e. the molecular weight distribution is 
getting broader. This occurs for both cotton linters and cotton paper in oil and air (See 
Appendix 2 Table 1- 14). This could however be solvent related, the reduction in -OH 
groups due to ageing causes differences in the complexation behaviour of the cellulose 
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chains with the DMAcALiCl and thus causes changes in the solvent/polymer/column 
interactions within the SEC unit and therefore an apparently broader molecular weight 
distributions. If however we can assume that adsorption is not a problem then the results 
indicate that the degradation of cotton paper and linters is not homogenous and that there 
may well be preferential breakdown of the longest cellulose chains. 
Cosgrove et. al. (1965) aged cellulose in acid and alkali media and studied the degradation 
with SEC using cadoxen as the eluent. They showed a bimodal distribution and suggested 
this was an intermediate stage of degradation, where only a fraction of the cellulose had 
become accessible to the reagent. They described bond scission as not random, with 
smaller molecules having a higher tendency to rupture than larger ones. Accessibility 
increased with time and therefore the rate of degradation changed with time. The MWD's 
calculated by Cosgrove do not follow the theory used, because the MWD decreases at the 
higher end of the distribution first and not at the lower end. If Cosgrove was correct then 
the MWD would decrease at the low molecular weight end first followed by the higher 
molecular weight end. 
A change in the rate of degradation during ageing, due to either accessibility effects or 
differences in the reactivity of the cellulose chains, is consistent with the theory used to 
model the DP in Chapter 4 and 5, where the degradation is related to a changing 
degradation rate. 
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Chapter 6: Results - SEC of Cellulose 
6.7 Derivatised Cellulose 
Figure 6-32 shows the molecular weight distribution of the carbarnate derivatives of cotton 
paper aged in air at 1600C. The average molecular weights calculated from the MWD of 
the derivatised cotton papers aged in air at 160'C are lower than their equiValents 
measured in DMAc/0.5 % LiCl (see 
Table 6-3). This agrees with observations of Lawther et al. (1990) who found lower 
values for the carbamate derivatives than the non-derivatives measured in DMAc/LiCl. 
Table 6-3 
Cotton Paper Aged in Air at 160'C 
Age Carbamate Derivative Non Derivatised 
DPn DP, DPv DPn DP, DPv 
2 232.16 3453.4 1195.4 2218.22 5489.75 4715.7 
27.5 627.19 3504.2 2348.4 888.031 2078.88 2667.14 
70.5 83.865 4057.3 432.08 391.438 677.136 1750.3 
100 432.33 1 7434.4 3598.2 1 525.549 1636.506 12148.85 
The MVVD (shape) of the derivatised cotton paper samples follow the same trend as the 
non derivatised samples, where the distribution changes from Gaussian like to bimodal as 
degTadation proceeds. The actual peak positions are not as clear as with the non 
derivatised measurement, i. e. the shift to lower molecular weight with time, this may be 
due to the derivatisation technique and the SEC analysis- 
* The excluded volume of the SEC column set is very close to the molecular weights of 
the derivatised cotton paper's and hydrodynamic separation may not be occurring 
efficiently. 
9 Derivatisation required pyridine as the solvent, the nitrogen content of each derivative 
was measured and was found to be higher (approx. 12%) than it should be (8.09%). 
Therefore residual pyridine within the derivative may causes adsorption effects as it 
elutes. 
9 Derivatisation degrades the cellulose. 
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Hill et at. (1991,1995a) have used carbamate derivatives to measure the MWD of Kraft 
insulation paper. Tullis Russell Kraft paper used in this thesis did not fully derivatise using 
carbamation techniques. I-Ell shows that the MWD shifts from high to low molecular 
weight via a bimodal distribution, as seen with the cotton paper and linters reported in this 
thesis. FEII et al. however ascribe an extra peak at very LMW, which disappears on 
ageing, to that of the hemicellulose component of Kraft paper. Westermark et al. (1994, 
1996) observes the same phenomenon using SEC of Kraft pulp with DMAcALiCI as the 
solvent. However Westermark's method of dissolution has been described earlier 
(Chapter 2) to be unsatisfactory. The LMW peak is not seen with either the cotton paper 
or linters,, because there are no hen-iicelluloses present. Analysis of the Kraft sample using 
DMAc/]LlCl from an aged transformer Figure 6-32 does not show a peak at low molecular 
weight either. 
FEII et al. used the SEC molecular weight data to study the degradation kinetics and 
assumed a zero order model. Their experiments only concentrate at the beginning of the 
degradation process, where there is very little change in the molecular weight. Therefore 
their zero order kinetic model fits at the beginning, but would probably not fit the entire 
data set as shown with DP by viscosity results in this thesis (Chapter 4). 
6.8 Computer Simulations 
Using the computer simulation one can set up an initial distribution of the same format and 
shape as as-received cotton paper or cotton linters. The distribution can then be degraded 
by different means, whether randomly or by a fixed amount. Figure 6-33 shows how the 
molecular weight distribution changes when an initial distribution is aged by a purely 
random mechanism. If the model is run for longer the concentrations of all possible break 
down products increase, as might be expected from a random process, while the main peak 
gradually shifts to lower MW and eventually decreases in height. 
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Figure 6-33 
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Figure 6-34 shows how the distribution changes using a chopping mechanism, where each 
chain is chopped in half ± 10%. The chain is chosen by randomly picking a bond, which 
will have a higher probability of being at the higher molecular weight end of the initial 
distribution. 
Figure 6-34 
looc 
m 
0 
L 
E 
G 
u 
L 
E 
s 
Computer Simdafion - Cut in Haff Mechanism 
0 
I AL I&I /Y I 
IA 
Chain Length 10000 1. 
167 
Chapter 6: Results - SEC of Cellulose 
The cut-in-half mechanism shows a distinct movement of broadening of the peak to LMW 
and under the same circumstances, can yield a bimodal distribution. Bimodal distribution 
arise when the distribution is such that the half length fragments deposit in the LMW half 
of the distribution. 
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7.1. Degree of Polymerisation and Tensile Index Data 
Kraft Paper 
Using the constants calculated by ModelMaker (kI, k2,0 and k4) and the Arrhenius 
equation (Equation 7-1) one can extrapolate down to lower temperatures. This assumes 
that the Arrhenius equation is valid over the temperature range from these experiments to 
that of operating temperature within a transformer. The Arrhenius equation can be 
rearranged to provide co-ordinates for a linear relationship. 
Equation 7-1 
_ 
E, 
k=Ae RT 
Where: k =rate constant 
A= pre-exponential factor 
Ea= activation energy 
R= Molar gas constant (8.314 J K-1 mol-) 
T= temperature in Kelvin. 
Therefore taking natural logs of both sides gives: 
Equation 7-2 
Ink = InA --E, RT 
Problems arose when the calculated rate coefficients from ModelMaker for Kraft paper 
aged in air and oil from the individually optiniised models were extrapolated using the 
Arrhenius equation. The Arrhenius plots for ki and k2were very good for air at all three 
temperatures. The oil aged data was not as straight forward and there was very little 
change in k-3 and k4 over the temperature 120-160'C, for each individually optimised 
model, especially for wide span tensile index measurements. The constants k3 and k4 did 
not show a consistent linear Arrhenius trend (shown in Equation 5-1 and Figure 5-10). 
The problem was due to the way in which the four constants were calculated. All four 
constants ki, k2, k3 and k4were calculated simultaneously but separately for each type of 
mechanical test (i. e. wide and zero span were optimised 
individually). Each optimisation 
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produced slightly different values for ki and k2, yet there is no reason why they should 
change for wide and zero span. The two tensile models were then combined to calculate 
only one set of ki and k2 values for each ageing temperature. This did improve the 
Arrhenius plots for air aged Kraft paper, however the oil aged data still proved to be 
problem and will be discussed in section 7.1.2. The next section describes how an overall 
model was set up that would describe the degradation of Kraft with respect to time, DP, 
tensile index and temperature. The air aged data was used as a basis of the model because 
of its lower degree of scatter than the oil. 
The constants kjand k2calculated individually for each model produced a good line of best 
fit when plotted using the Arrhenius equation. An overall DP model was set up in 
ModelMaker that. would inco. rporate the Arrhenius equation to calculate the rate constant 
at each temperature. This provided optimised values for the activation energy and pre- 
exponential that would describe the rate at which the DP decreases. The activation energy 
associated with ki should be III±6 U/mol according to Emsley (1994). The overall DP 
model for air aged data fitted very well (R 2=0.9690), with an activation energy of 109.0 
U/mol and a pre-exponential 4.994 E+08. 
Because very little change was seen with k3 and k4 it was possible that they were 
independent of temperature, in order to see if this was the case the combined model was 
taken a stage further, to incorporate the Arrhenius equation for k3and k4. The models 
were linked for all three temperatures, e. g. DP versus time, zero and wide span tensile 
index at 120,140 and 160 'C. Initially k3 and k4were kept constant for all three 
temperatures (the value approximated from the average of each individually optimised 
model), the optimised fits were not as good as if each temperature set was optimised 
separately, showing that the constants were dependent on temperature. Introducing the 
variation of k3 and k4with temperature using the Arrhenius equation provided much better 
fits. Since the positive term (k4DP) in the tensile index kinetic model does not appear to 
be important at higher temperatures, where the slight increase in the tensile index cannot 
be measured accurately, it proved difficult to obtain a consistent activation energy 
for k4. 
The overall model was therefore optimised with the 
k4 term omitted at 160'C. The k4 
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terms for the 120 and 140 'C data could not be linked to an Arrhenius equation because 
only two points would be available and so they were optimised as individual rate constants. 
The activation energies and pre-exponential for each constant will be discussed in section 
7.1.6 and are shown in Table 7-1. 
The full model is shown in Figure 7-1, where the decrease of the tensile index (wide and 
zero) is influenced by the DP and the constants (ki-k3) at each temperature and k4at 120 
and 140 'C only. The shaded boxes define each constants at each temperature (using the 
Arrhenius equation), the optimised variables are the activation energy and the pre- 
exponential factor, and the individual rate constant for k4at 120 and 140 'C. 
The differential equations in each compartment are as used in the separate optimisation 
calculation shown in the previous chapters. "kI 120" describes how the constant ki 
decreases With time (dki/dt =-k, * k2). Tswide120 and Tszero120 describe how both 
wide and zero span measurements change with time at 120 'C in oil using the same 
relationship shown in Chapter 5 (dTS/dt = -k3zerol2O * U120 + k4zerol20 * 0120). 
'DP 120" describes how the DP decreases with time (dDP/dt = -DP 
1202 *kl 120), as shown 
in Chapter 4. Each constant changes with temperature, for example the Arrhenius 
equation for k, aged at 120 'C in oil would be: 
Equation 7-3 
k, =Ak I* 
exp(E. k, * 1000 / (RT)) 
where: 
Ak = Pre-exponential for ki 
E. kj Activation energy for ki in U/mol 
R =8.3142 J K' mol-1 
T= Temperature in Kelvin (398.15 K) 
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It was necessary to first optimise each part of the model separately (as shown in the 
previous chapters), DP versus time (Chapter 4), DP versus tensile index (zero and wide) 
and time (Chapter 5) to provide starting values for the four constants. The Arrhenius plots 
were then used to provide starting values, and the activation energies and pre-exponentials 
and were then optimised using ModelMaker. ModelMaker requires starting values close 
to the true value otherwise the complicated model Figure 7-1 would not optimise 
accurately. 
Problems Encountered Optimising the Oil Aged Data 
Optimising the overall model for the Kraft oil aged data was very difficult, due to lack of 
data at long ageing times (especially at 120 OC). The main problem with the oil data was 
due to the 120 'C experiment, therefore extra data was added from experiments run by 
X. Y. iao under the same conditions. The only difference between experiments reported 
in 
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this thesis and that run by X-Mao was the paper's geometry, the paper was shredded 
(approx. 4mm * 150mm) and not cut into tensile testing strips. The paper/oil ratio was the 
same,,, approximately 0.08. The corresponding wide and zero span tensile index were 
calculated fTom the DP using the equation derived in Chapter 5 (Equation 5.5). Using the 
overall DP model as a starting point the optimised activation energy for k, was not as 
expected (approximately 111 ±6 U/mol). However, the temperature within the National 
Grid oven was not as uniform as with the ovens fitted the aluminium block. In 
ModelMaker one can float the temperature for that particular data set and fix the value of 
the activation energy (approximately I 11 U/mol). This showed that if the average 
temperature within the pots was 115 'C and not 120 OC then the fit was much improved. 
There could be similar small errors for the 140 and 160 'C data (within the measured 
errors of those ovens, 2-3'C). Optimising all constants simultaneously (including the 
activation energies and the temperature) an overall DP model was calculated (W= 0.8825) 
with an activation energy for ki of approximately 115 U/mol. The average temperatures 
of the ovens calculated in the model were 115.10,138.57 and 162.39 'C. Therefore only 
a few degrees difference can greatly effects the slope of the Arrhenius plot and thus the 
corresponding activation energy. In the future careful monitoring of the temperature 
within the ageing pots and uniform heating will be essential to calculate accurate activation 
energies. 
The activation energies and pre-exponentials for ki and k2were substituted into the overall 
model and fixed (i. e. not allowed to float during the optimisation calculations). The other 
parameters were then optimised, note that the k4term was omitted from the 160 'C model 
as with the air aged data. The constants calculated will be discussed in section 7.1.6. and 
are shown in Table 7-2. 
The two overall models for air and oil aged Kraft paper optimised with goodness of fits of 
0.9618 and 0.8841 respectively. The outputs from the overall models can be seen in 
Figure 7-2 and Figure 7-3 for air and oil data respectively. Where the top line on each plot 
is the 120 OC data and the lower the 160 'C data. Note that these plots are taken directly 
from ModelMaker. 
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Figure 7-2 
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Figure 7-3 
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Discussion of Modelled Constants 
At high temperatures, 160'C and above, the term k4 tends to zero and difficulties were 
encountered when optimising the model separately, however the combined model (Figure 
7-1) did optimise better for the air aged data. The k4-DP term accounts for the annealing 
process within the cellulose chains during the initial stages of degradation, this was not 
easily measured at high temperatures due to the fast degradation rates. The model was 
altered for the 160 'C experiments and therefore extrapolation using the Arrhenius 
equation was not possible with only two points and an activation energy for the k4 
constant was not calculated. Also,, there is very little difference between k4at 120 and 140 
'C in air or oil and therefore one could argue that the annealing process is not temperature 
dependent or that it does not occur at higher ageing temperatures. There are reports in the 
literature (Zou et al.,, 1994) that the degradation mechanism of cellulose changes above 
140 'C. Further points are needed below 120 'C to see whether the relationship holds at 
lower temperatures or whether k. 4is temperature independent. 
Transformer Operating Temperatures 
Extrapolation of the ki and k2 constants to lower temperatures can be used to plot DP 
against time, as shown in Figure 7-4 and Figure 7-5 for Kraft paper aged in air and oil 
respectively. For Kraft paper aged in air and oil at 60 'C the DP reaches 200 after 
approximately 300 and 700 years respectively. According to Fabre and Pichon (1960) 
Kraft paper has a life of 480 years at 80 'C (dry air, paper and oil) and Emsley & Stevens 
(1994) approximately 135 years, whereas the model described in this thesis predicts 
approximately 80 years. This may well be due to slightly different ageing conditions and 
the chosen end of life point, but is more likely due to the kinetic model adopted. Fabre 
and Pichon assume a zero order kinetic process, whereas Emsley & Stevens adopt a first 
order model. The model shown here predicts a shorter life span due to errors in the oil 
aged experiment reported in this thesis. 
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Figure 7-4 
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Both predictions in air and oil assume that the kinetic model is correct, which may only be 
the case for these specific conditions. More work is needed now the basic model has been 
developed to introduce the degradative accelerators, e. g. oxygen, water and acids, which 
are known to build up in operating transformers, and increase the degradation process and 
thus reduce lifetimes. This may involve adding to the above model, where the activation 
energy for k, may remain constant (which governs the degradation of the paper) but the 
pre-exponential would change (depicts the rate of degradation) dependent on the 
environment of the paper. 
The degradative accelerators associated with Kraft paper in transformers may be modelled 
using the approach of Camino, shown in Chapter 4. This would provide rates of 
degradation after 250 hours opposed to 20,000 isothermally at 120 OC. 
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Figure 7-5 
Life Prediction of Kraft Paper in Clean Dry Oil 
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The DP calculated from the above plots can be used to calculate the corresponding tensile 
index using Equation 5-5, dependent on whether aged in oil or air. The optimised 
activation energies and preexponential factors for Kraft paper aged in air and oil are shown 
in Table 7-1 and Table 7-2. 
Arrhenius Parameters for Kraft Paper Aged in Air 
Table 7-1 
Activation Preexponential 
Energy U/mol (A) 
k, 109.0 4.71E+08 
k2 103.8 9.26E+09 
k3zero -12.5 4.90E+02 
k3wide -20.6 3.37E+01 
k4wide 120 0.000015547 
k4zero 120 0.000015776 
k4wide 140 0.000017371 
k4zero 140 0.000010726 
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Arrhenius Parameters for Kraft Paper Aged in Oil 
Table 7-2 
-Activation 
Preexponential 
Energy kJ/mol (A) 
k, 115.2 9.1 OE+08 
k2 126.9 3.06E+ 12 
k3 zero -31.9 3.22E+00 
k3wide -43.7 7.82E-02 
k4wide 120 0.000022977 
k4zero 120 0.000022982 
k4wide 140 0.000055419 
k4zero 140 1 0.000058896 1 
Cotton Linters and Cotton Paper 
The overall DP model can be used in conjunction with the Arrhenius equation to calculate 
activation energies for cotton paper and linters in the same manner as for Kraft paper (i. e. 
optimised all together). Table 7-3 and Table 7-4 shows the k constants and the calculated 
activation energies for the cotton linters and cotton paper respectively, using the DP 
values. 
Arrhenius Parameters for Cotton Linters Aged in Air & Oil 
Table 7-3 
Air Aged Oil Aged 
Activation Preexponential Activation Preexponential 
Energy U/mol (A) Energy U/mol (A) 
Goodness of Fit 0.8703 0.8746 
k, 110.5 1.28E+09 108.1 2.90E+08 
k2 115.4 1.10E+12 91.5 8.40E+08 
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Arrhenius Parameters for Cotton Paper Aged in Air & Oil 
Table 7-4 
Air Aged Oil Aged 
Activation l reexponential Activation Preexponential 
Energy kJ/mol (A) Energy U/mol (A) 
Goodness of fit 0.9870 0.8773 
k, 113.5 2.30E+09 111.8 3. OOE+08 
k2 117.7 1.20E+12_ 113.9 7. OOE+10 
Discussion of Activation Energies 
An important observation concerning all of the optimised models is the activation energy 
associated with kj. Emsley and Stevens (1994) reviewed over 80 articles in the literature 
concerning the activation energy associated with the degradation of cellulose under a 
variety conditions and they produced an average value of III±6 U/mol. The models 
calculated here all provide an activation energy within these limits for k1o. However a 
first or zero order kinetic model has been assumed in the past to describe the degradation 
of ceHulose and this thesis has shown that a changing degradation rate describes the 
process more accurately. According to Ems1ey and Stevens (1994) the pre-exponential 
should be higher in air than oil due to the increase in the degradation rate in air than oil. 
The cotton models fit this prediction but the Kraft paper does not, because any small 
change in the activation causes a change in the pre-exponential part of the Arrhenius 
equation. Therefore future work should concentrate on fixing the activation energy and 
allowing the pre-exponential to float and thus quantifying the effect of each ageing 
condition. 
7.2. Furan Data 
The approximate rates at which 2-furaldehyde is produced can be used to estimate an 
activation energy, by plotting either a first or zero order process. Other models 
have been 
developed and were discussed in Chapter 6, these models were not used to calculate 
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activation energies because Hill's (1996) model did not fit the entire degradative process 
and the model developed in this thesis using ModelMaker was not valid because it could 
not be fully optirnised. 
7.2.1. Zero and First Order 
For the zero order plot the rates were estimated from the slope of 2-furaldehyde 
concentration plotted against time, only data down to a DP of 200 was included,, because 
there is a large deviation in the 2-furaldehyde concentration from linearity as the DP falls 
below 200. The rates are shown in Table 7-5 and the Arrhenius plot was constructed to 
calculate the activation energy see Figure 7-6. 
The first order rates were estimated from the slope of log 2-furaldehyde concentration 
plotted against time,, only data down to a DP of 200 was included. The Arrhenius plot is 
shown on Figure 7-7 and the rates in Table 7-5. 
Table 7-5 
The Rate of Formation of 2-furaldehyde from Kraft Paper aged in Oil 
Zero Order I First Order 
Temperature Rate of 2-furaldehyde 
(CIC) (ýLg/g of paper)per hour 
120 0.00133 0.00018 
140 0.00662 0.00094 
160 0.33900 0.01263 
Activation Energy U/mol 186 131 
Pre-exponential factor (A) 5.60E+21 7.87E+13 
182 
Chapter7: Transformer Applications 
Figure 7-6 
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The values of 186 kJ/mol and 131 U/mol are both higher than 111 ±6 reported by Emsley 
and Stevens (1994) using DP values as the basis for the kinetics. The values calculated in 
this thesis were from estimated rates at each of the degradation temperatures whereas 
Emsley's is an average of data found in the literature. Emsley assumes a first order 
mechanism in his calculations and the activation energies were calculated from DP plots 
and not 2-furaldehyde. 
The same expressions can be estimated for cotton paper and linters aged in oil. Table 7-6 
and Table 7-7 show the rates calculated and Figure 7-8 the Arrhenius plots for each 
cellulose type and "kinetic order" used in the calculations. 
Table 7-6 
The Rate of Formation of 2-furaldehyde from Cotton Paper aged in Oil 
Zero Order First Order 
Temperature Rate of 2-furaidehyde 
(OC) (ýtg/g of paper)per hour 
120 0.5013 0.06940 
140 0.0583 0.02590 
160 0.0101 0.00220 
Activation Energy U/mol 123 125 
Pre-exponential factor (A). 5.80E+13 4.60E+12 
Table 7-7 
The Rate of Formation of 2-furaidehyde from Cotton Linters aged in Oil 
Zero Order I First Order 
Temperature Rate of 2-furaldehyde 
(OC) (gg/g of paper)per hour 
120 0.0036 0.00420 
140 0.0008 0.00061 
160 0.0002 0.00012 
Activation Energy kJ/mol 138 102 
Pre-exponential factor (A) 1.92E+l 6 7.19E+09 
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Chapter7: Transformer Applications 
Using activation energies estimated from the first and zero order plots it is possible to 
calculate the production of furfural (per year) under transformer condition (i. e. at 60 
Table 7-8 
Zero Order I First Order 
Rate of 2-furaldehyde 
(ýtg/ml of oil) per g of paper, per year 
Kraft Paper 0.000327 0.001947 
_ Cotton Paper 0.025800 0.000994 
Cotton linters 0.037910 0.006299 
There is a general trend between each cellulose type, the rate of furfural increases from 
Kraft paper to cotton paper and cotton linters. The rate associated with cotton paper (first 
order) does deviate from this trend due to difficulties in approximating the line of best fit 
for the kinetic plots. Kraft paper has the lowest because of the complex structure 
entwined with lignin, reducing the release of furfural. Cotton linters has a higher surface 
area than the cotton paper and therefore the greater degradation rate. 
AQ 
,ý suming that there 
is 10 tonnes of paper to every 40 tonnes of oil within a transformer 
then comparing the rates shown in Table 7-8 one can multiply the rates by four. Emsley 
and Stevens (1994) quote that the rate of furfural production in a transformer is 0.01 
ppm/year in a normal working and 0.1 ppm/year for a high loaded transformer. The rates 
shown above (first order kinetics) fall below what a normal working transformer would 
produce. 
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8.1. Conclusions and Future Work 
This thesis has shown that predicting the life of paper is very dependent on the method 
used to analyse the kinetics and the choice of end point. Conclusions will be drawn for 
each analytical method utilised separately before any overall synopsis can be drawn. 
8.2. Degree of Polymerisation 
8.2.1. Method Development 
The degree of polyrnerisation has long been used as a standard method to determine the 
condition of cellulosic transformer insulation, however the analytical method(s) used 
contain a number of possible unquantified sources of error. A method to measure the DP 
by viscosity was developed from existing standard methods (ASTM, EEC and BSI 
standards). Modifications were made to improve the reproducibility and define the 
accuracy of the method. Different variables associated with the DP measurement were 
investigated and their contributions to the errors in the analysis defined. These are 
outlined as follows: 
-moval of insulation oil from the paper did not effect the DP whether washed with hot 
or cold hexane. However,, hot washing required fewer washings. 
9 The relative standard deviation of the DP measurement was dependent on the 
concentration of paper in solution (nc 0.7-1.7), it decreased with increasing 
concentration (r. s. d. 1.23-0.392%). However, if the concentration was too large, fully 
dissolved solutions were not obtained and therefore a compromise was used. The 
product of the intrinsic viscosity and concentration was kept between I and 1.5 for all 
DP measurements. 
* The temperature of DP analysis did not significantly effect the result. A two or three 
degree change in the temperature would only cause a 0.7-1.1% error in the DP. 
The paper solutions were susceptible to oxidative degradation, due to loss of 
complexation with the copper. The rate of 
degradation was dependent on the initial DP 
188 
Chapter 8: Conclusions & Future Work 
of the paper in solution. The higher the DP the quicker the rate of degradation. Ffighly 
aged paper reduced the copper solution and solid copper precipitated out. 
The viscosity measurement was effected by shear, the calculated DP was lower if repeat 
measurements were made than if fresh samples were analysed from a stock solution. 
The DP calculated from the intrinsic viscosity is dependent on the Mark Houwink 
constants used. The DP can vary from 440-1380 when the intrinsic viscosity is fixed at 
3.320 dl/g. 
* The Mark Houwink constants used in all calculations were; a=I and k=0.0075. 
The method developed can be found in Appendix 1. It has been presented and published 
at a conference,, DOBLE,, Boston,, USA, and is also the subject of an amendment to the 
existing standards (EEC 450 and BSI 6306). This method was used to calculate all the DP 
data used in the investigation of the degradation kinetics and the accuracy is dependent on 
the DP and the concentration of paper in solution. The higher the DP the larger the scatter 
and the higher the concentration the decrease in the variability of the measured DP. 
8.2.2. Kinetic models of Degradation 
The degree of polymerisation of cellulose/paper decreases as the paper ages. The DP 
provides the average molecular weight of the paper and a guide to the papers condition. It 
can be correlated to the tensile index, (using Equation 8-3, which will be described later) 
for it is the strength that ultimately governs the life of the paper. In the past, the DP has 
been used to model the kinetics of degradation. Both first and zero order kinetics have 
been used (Hill et al., 1996 and Emsley & Stevens 1994b respectively) but neither model 
fits the entire degradation time. In particular, deviations from the model occur below 
about 250 DP, which means that the estimates of time to the normally accepted "end-of- 
life"' point of 150-200 DP can be in error by 25 to 50 %. However a kinetic model that 
allows an exponential decrease in reactivity of inter monomer bonds can be used to fit all 
the DP data, using Equation 8- 1: 
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Equation 8-1 
1 kl 
0 -k 
t- 
DP, DP, k2 
where kj, and k2 are constants. This provides a kinetic model that can be used to 
accurately predict the life of the paper dependent on the end life point chosen, whether 200 
or 150 is applied. 
Calculating the constants at lower temperatures by extrapolating the Arrhenius equation 
can be used to model the lifetime at transformer operating temperatures. Aged at 60 'C in 
clean dry oil the life of the paper (DP to 200) is in excess of 700 years. However, these 
are ideal conditions and there are many degradative accelerators present in a transformer 
which require further study to be incorporated into the kinetic model. The activation 
energy of ki can be compared to the value of 111 ±6 U/mol estimated from Emsley and 
Stevens (1994b), because Emsley and Stevens (1994b) used a simplified form of Equation 
8-1 originally due to Ekenstam (1936): 
II=k, 
*t 
DPt DPO 
where, in the notation of Equation 8- 1: 
k, = klo e -k2t 
Therefore ki from the Ekenstam equation incorporates the activation energies of both ki 
and k2where k, determines the rate of degradation of the paper in both equations. For 
Kraft paper aged in air and oil ki was 109.0 and 115.2 respectively, within experimental 
error of I 11. The k2values were 103.8 and 126.9 for air and oil aged Kraft paper. The 
pre-exponentials of Kraft paper aged in oil for the two constants ki and k2 are shown in 
Table 8-1. 
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Table 8-1 
In Oil 
Activation Preexponential 
Energy kJ/mol (A) 
k, 115.2 9.1 OE+08 
k2 126.9 3.06E+12 
In Air 
Activation Preexponential 
Energy U/mol (A) 
k, 109.0 4.7 1 E+08 
k2_ 103.8 9.26E+09 
8.3. Tensile Strength 
Different relationships have been used in the literature to explain the decrease in the 
mechanical strength with ageing. However they do not fit the entire degradation process. 
An equation can be derived, which again includes an exponentially decreasing degradation 
rate (as with the DP model) to fit the entire data set. 
Equation 8-2 
dTS 
- -klk3+ k4DP dt 
where k, = kl,, e 
-k2t 
Equation 8-3 describes how the tensile index (TS) decreases with rate of bond scission 
(-kl*k3) but also increases marginally at high DP's (k4*DP), due perhaps to an increase in 
the hydrogen bonding. It provides a kinetic model for Kraft paper aged in both air and oil. 
The tensile index can also be related directly to the DP using a rearrangement of both 
Equation 8-1 and Equation 8-2, simplified- 
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Equation 8-3 
st 'S T-T Dp 0 
I DP 
DPt - 
k4K'ln 
DPO 
-k2K') 
-k2K') 
In order to use Equation 8-1 to 3 to predict the lifetime of the paper under specific 
conditions it is necessary to know the exact end of life point using either a specific DP or 
tensile index value. There is a 50 % increase in the lifetime of the paper (aged at 160 'C in 
air) if allowed to operate to a DP of 150 instead of 200. More work is needed to correctly 
assess and calculate the end of life point of Kraft paper. A function which describes the 
probability of failure might be better than a fixed DP or TS value. 
The tensile index measured by both zero and wide span techniques decreases with time. 
The ratio of wide to zero span provides a measure of the degree of inter fibre bonding, 
which remains constant until a DP of 200 or below and then decreases sharply. The 
relationship between tensile index and DP is dependent on the ageing condition (oil or air). 
A plot of zero span index versus DP clearly shows that the data lie on two distinctly 
different lines. 
A small increase in the tensile index is seen at the beginning of ageing in air and oil, 
however this is not clear at high temperatures (1600C) because degradation occurs too fast 
and it cannot be measured. This phenomenon is modelled by the second term of Equation 
8-2 (k4), but tended to zero when optimising the tensile data from the high temperature 
experiments. Equation 8-1 to 3 were solved for each experimental temperature by 
numerical methods, using a commercial computer package (Modelmaker, Cherwell 
Electronics). The problem handling k4 at high temperatures was overcome for the Kraft 
air and oil aged data by omitting this term (for the 160 OC data sets) and using an overall 
kinetic model,, optimising activation energies and pre-exponentials for all four constants, at 
all three temperatures simultaneously. Estimates from the separate optimisations at each 
temperature were used as starting values. 
Table 8-2 and Table 8-3 show the constants calculated for the ageing of Kraft paper in air 
and oil respectively for the overall model. Note there 
is no activation energy calculated for 
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the k4constant. This was not possible because only two points were available, also the k4 
constant may be independent of temperature. 
Table 8-2 
ctivat on Preexponential 
Energy kJ/mol (A) 
k, 109.0 4.7 1 E+08 
k2 103.8 9.26E+09 
k3zero -12.5 4.90E+02 
k3wide -20.6 3.37E+01 
k4wide 120 0.000015547 
k4zero 120 0.000015776 
k4wide 140 0.000017371 
k4zero 140 0.000010726 
Table 8-3 
Activation Preexponential 
Energy U/mol (A) 
k, 115.2 9.1 OE+08 
k2 126.9 3.06E+12 
k3zero -31.9 3.22E+00 
k3wide -43.7 7.82E-02 
k4wide 120 0.000022977 
k4zero 120 0.000022982 
k4wide 140 0.000055419 
k4zero 140 0.000058896 
8.4. Furan Analysis 
The degradation of Kraft paper in oil produces furans, of which four are easily identified 
and measured, 2-finfuryl alcohol, 2-ffiraldehyde, 2-acetylfuran and 5-methyl-2-furaldehyde. 
The most important of those is 2-furaldehyde (fin-fural) which has also 
been measured in 
significant quantities in working transformers. 
In the laboratory experiments described in this 
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thesis,, the production of furans does not follow either first or zero order kinetic approach. 
No kinetic model was developed in this thesis that could be fully optimised (in 
ModelMaker), however the best kinetic model shown in Chapter 6 did appear to follow 
the data reasonably well. The model assumes that the furfural was produced slowly 
initially due to scissions of the cellulose chains and finally from the rapid breakdown of an 
unknown intermediate as the DP approached its end of life point. The 2-furaldehyde 
produced is then lost by evaporation (partially), adsorption on to the paper (which 
increases with agel ion ing) and degradat' 
The approximate activation energies of the production of furfural assuming either a zero or 
first order kinetic mechanism were 186 and 131 U/mol respectively. These are some what 
higher than III± 6kJ/mol quoted in the literature for DP kinetic analysis (Emsley and 
Stevens,, 1994) 
The quantities of furfural that would be found within a transformer (10 tonnes of paper 
and 40 tonnes of oil), calculated by extrapolating the Arrhenius equation were some what 
confusing. The rate was dependent on what kinetic analysis was adopted and varied from 
0.00 12 and 0.008 ýtg/ml of oil, per g of paper, per year for Kraft paper. 
8.5. Size Exclusion Chromatography 
8.5.1. Dissolution of Cellulose 
Dissolution of Tullis Russell Kraft paper was not possible in cadoxen or DXIAcýLiCl,, 
therefore SEC was not viable for this particular paper. Attempts to use pre-soaking agents 
(NaOH and H202) with cadoxen to dissolve Kraft paper only caused degradation. 
Cadoxen also destroyed the SEC columns and refractive index detector cell. One sample 
of a different Kraft paper from a transformer was efficiently dissolved in DMAcALiCl. The 
solubility of this type of Kraft paper compared to Tullis Russell was possibly due to the 
higher lignin content (3.72 and 4.42% for transformer and Tullis Russell Kraft paper 
respectively). Lignin is known to 
hinder dissolution of cellulosic samples. Derivatisation 
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of Kraft paper by carbamation was not possible either, however cotton cellulose was 
derivatised and SEC analysis showed that the average molecular weight was lower than 
non-derivatised samples, indicating degradation during reaction. Dissolution of cotton 
paper and linters in DMAc/LiCl was possible after activation of the cellulose with water,, 
however water hindered dissolution in DMAc/LiCl and an efficient solvent exchanging 
procedure was required to ensure there were was minimal water. 
8.5.2. SEC Analysis 
The molecular weight distributions (MWD) of cotton paper and linters were measured 
using Size Exclusion Chromatography (SEC) and DMAc/LiCl as the eluent/solvent 
The MWD's of the cellulose samples (cotton linters and paper) follow the same 
degradation trend independent of the ageing temperature, condition (oil or air) or whether., 
or not, the sample set was derivatised. The only difference was a build up of char and 
therefore a high molecular weight (BNff) peak for the highest temperature degradation 
experiments (160'C). The degradation of cotton paper and linters does not appear to 
follow a purely random degradation process. The degradation proceeds from a Gaussian 
like distribution to a bimodal before returning back to a Gaussian appearance at low 
molecular weight. The increase in the polydispersity as ageing occurs indicates that 
degradation is not purely random but preferentially occurs at the IIN4W part of the MWD. 
This agrees with the kinetic models of change of DP and tensile index, where there is an 
ever decreasing degradation rate, showing a possible preference to certain polymer chains 
(i. e. breaking the longest ones will have a more marked influence on the DP than shorter 
chains). 
Modelling the MWD changes in a computer using a random number generator to select 
the bonds to break confirmed that ageing does not follow a purely random mechanism. 
There appears to be some sort of systematic scission, where the initial breaks appear to 
concentrate around the centre of the chain and a tendency to attack the 
high molecular 
weight chains first. 
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8.6. Lifetime Prediction 
Predicting the life of a transformer, using the tensile index or DP models of ageing as a 
measurement is highly dependent on the actual end of life point. The predicted life at 
160'C is increased by up to 50% if an end DP of 150 is used instead of 200. However can 
a transformer operate at this low a DP? The actual end point is open to debate, since we 
do not know how they were actually derived in the past. Can the end point be measured 
more accurately using other means?. For instance- 
4o from plots of the degree of inter fibre bonding versus DP. The strength of the fibre 
deteriorates dramatically towards the end point of the paper. 
using IHPLC analysis (furans), the rate of formation of which increases exponentially at 
low DP's and low tensile strengths after an initial low rate. 
The life of the paper calculated with the kinetic models reported here extrapolated to 
transformer temperatures (60 'C) is extremely high, 300 and 700 years for air and oil 
experiments respectively. There are two reasons for this- 
e the rate of degradation is significantly dependent on the water concentration, which was 
very low in these experiments. 
* the rate of ageing is assumed to decrease with time. 
The extrapolations of the modelled constants using the Arrhenius equation may not be 
accurate enough, and additional experiments at lower temperatures may provide better 
Arrhenius fits. This can possibly be done in a reasonable time scale be achieved using the 
temperature programmed approach of Camino et al. (1996) shown in Chapter 4. 
The lifetime is significantly effected by the temperature, water and oxygen content. All 
three accelerate the rate of degradation. The kinetic models developed in this thesis are 
primary for the degradation of paper in air and clean oxygen free, dry oil. More data are 
needed at different ageing conditions and concentrations of water, oxygen etc. to enable 
development of the model. Then one could calculate the life of a specific transformer from 
an accurate report of the conditions within it. 
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8.7. Summary 
An improved kinetic model has been developed using the Degree of Polymerisation and 
tensile index as a measure of the condition of the paper. Neither a zero or first order 
relationship is assumed but an exponentially decreasing rate, which corresponds to an ever 
changing spectrum of degradative reactivity in the paper. 
Important conclusions reported in this thesis are summarised as follows- 
* The method of measuring DP by viscosity in Cuen has been improved and is the subject 
of a modification to the EEC standard. 
Equations have been developed to relate DP and tensile index to time and to each other,, 
which can be solved by numerical methods. 
The inter fibre bonding of wood paper remains constant with ageing from a DP of 1200 
down to about 200 or less,, when it decreases sharply. 
* The temperature dependence of four fundamental constants which describe the change 
of DP and tensile index with ageing time has been measured over the range 120-160 'C 
in air and clean dry oil. 
,* The activation energy associated with ki can be compared to existing literature values 
summarised in Emsley and Stevens (1994). Where k, equals III±6 U/mol, the k, 
values calculated in this thesis for all three types of cellulose (Kraft paper, cotton paper 
and linters) aged in oil and air fall within these limits. 
* The pre-exponentials associated with the each activation energy may be the key to 
develop an overall kinetic model that would incorporate a degradative accelerators 
found in a transformer. 
The k4term used to account for the increase in tensile index at the start of ageing can be 
ignored at high degradation temperatures (above 160 'C). 
A Size Exclusion Chromatography technique has been developed to measure the MWD 
of cotton paper and linters n DMAcALiCl. The method could not be extended to 
Kraft 
paper supplied by Tullis Russell because it would not 
fully dissolve, possibly because 
the lignin content (4.42%) was too high. An alternative Kraft paper from a transformer 
with a lower lignin content (3.72%) 
did dissolve and was analysed. 
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9 Degradation of cotton linters and paper proceeds via an intermediate, bimodal 
distribution, which indicates that the high molecular weight chains break preferentially 
towards the centre. Derivatised cottons gave an apparently lower molecular weight 
distribution, indication that degradation occurred during derivatisation. 
The precise end life of the paper is difficult to define and requires further work to define a 
probability of failure function. This might incorporate inter fibre bonding as estimate from 
the ratio of zero to wide span tensile index, which rapidly drops to zero at the end of life 
point. 
* 2-furaldehyde (furfural) is the most important degradation product detectable in the oil. 
It seems to form by two mechanisms - slowly throughout the ageing process, then 
rapidly at the end, when the DP approaches 200. The first mechanism may be related to 
the scission of inter monomer bonds and the second to the breakdown on an unknown 
intermediate. 
The early stages of ftirfiiral formation from Kraft paper can be approximated to 
first or 
zero order kinetics. Extrapolating the rates to transformer temperatures indicates 
that a 
normal rate of production between 0.0012 and 0.008 ýtg/ml of oil, per g of paper, per 
year, depending on the kinetic model adopted. 
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Appendix la DP Method 
Degree of Polymerisation by Viscometry 
Scope 
This method covers the determination of the intrinsic viscosity and thus the viscosity average degree of polymerisation (DP) of Kraft insulating paper. The extent of degradation in terms of 
molecular weight can be analysed. 
The procedure outlined below is based on the ASTM D 1795-90)- D 4243-86ý- IIEC 450 and 
BSI 6306, which cover the viscosity average molecular weight determination of purified 
cellulose's such as wood pulps and transformer insulation paper. The standard methods ASTM 
D 1795-90 and BSI 6306 are applicable to cellulose's which have an intrinsic viscosity of 
15dl/g or less. IIEC 450 and ASTM 424-3-86 relate to insulation paper. 
Apparatus and Solvents 
A thermostatically controlled bath, which is suitable to immerse the viscometer tubes. The bath 
must be capable of holding the temperature to within 0. I'C. A refrigeration unit is used in 
opposition to the bath heater, to hold the bath at 200C 0.1 OC. 
Thermometer capable of reading within 0. I'C. 
Calibrated Ubbelohde viscometer tubes, type Oc and 1c. 
timer/stopwatch capable of measuring to at least 0.2 seconds. 
Waring blender (8000 series), plus mini-containers (MCI and MC2). 
Suitable vials for the preparation of paper samples ( i. e. ones without paper lid seals) 
Cupriethylenedianiine Hydro)dde (Cuen) Solution (Made according to SCAN ??? ) 
Distilled water. 
Nitrogen supply. 
Acetone 
Hexane 
Concentration of Paper sample 
This is dependent on the sample analysed, i. e. the extent of degradation. Heavily degraded 
samples wl have quicker efflux times through the viscometer tubes than as received paper, at 
the same concentration (wt/vol. ). 
Ideally the paper solutions analysed should have similar viscosity's, in order to reduce the effect 
of sheer on the measurements (this is stipulated in the ASTM and BSI standard methods 
D 
1795-90 and BSI 6306 respectively for the measurement of the DP of cellulose). Therefore, 
the intrinsic viscosity multiplied by the concentration should be similar for all samples analysed: 
[771c = 1-1.5 
The approximate DP of the sample is needed 
before the concentration can be estimated. If the 
DP is not known a samole (0.25g/dl) is 
first analysed to estimate the concentration needed. 
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Av. ýpproximate concentrationq; irp.. q(Z'Fnllf%'17171'" 
Sample DP Concentration g/dl or % 
As received 1000-1200 0.15-0.2 
600-1000 0.25 
350-600 0.5 
Heavily aged <3 50 1.0 
Sample Preparation 
If necessary, the paper sample should be washed with hexane,, hot soxhlet extraction. The hexane is allowed to evaporate at ambient. 
2. The paper sample is weighed, accuracy ± 0.5rng. The concentration of the paper is 
dependent on the paper sample and is made in 20ml of a 50-50 mixture of Cuen-Water. 
Note - the moisture content has to be accounted for and is dependent on the sample. 
A separate sample of paper is weighed and vacuum dried overnight at 1050C to calculate the 
exact moisture content. 
111. vith distilled water. Set on low (18,0000 The paper sample is mulched in a blender v 
rpm) for 30 seconds or until sample fibres are well separated.. 
The mulched paper sample is separated from the water, by centrifugation or a glass 
sintered filter. 
5. The swollen paper (soaked in water) is placed in a tared vial. The glass sintered filter or 
centrifuge tube is rinsed with distilled deionised, water and added to the vial. The tared 
vial is made up to I Og/ I Oml. 
6.1 Ornl of Cuen is pippetted into the same vial. 
7. The vial is flushed with nitrogen and shaken by hand. 
8. The vial is flushed again with nitrogen and tightly sealed. Note - the vial is sealed 
because the alkaline solvent is susceptible to o)ddative degradation. 
9. The sample is mechanically shaken until dissolution is complete. This is dependent on 
the type of paper and the extent of degradation. To ensure that each sample is prepared 
under the same conditions the samples are mixed overnight (6: 00 p. m. to 8: 00 am). 
Heavily aged paper is dissolved at shorter lengths of time (1-2 hours) because of the 
deterioration effects of the copper solvent. Partially aged paper may not dissolve at 
ambient. To overcome this problem dissolution of the sample in a fridge (4 'C) by 
stir-ring is sufficient. 
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Viscosity Measurement 
The choice of viscometer tube is very important. The tubes vary with capillary size. The capillary size is related to the efflux time of the sample. Each viscometer tube type recommends 
a minimum efflux time for the measurements to be accurate. If the efflux time of the sample through the capillai-y is less than the value stated then the reproducibility is very poor. Increasing the concentration or reducing the capillary bore will increase the efflux time. 
1. The viscometer tubes are supported in the constant temperature bath. 
2. Ensure the viscometer tubes are dry, dust free and flushed thoroughly with nitrogen. 
3. The solution is added by means of a pipette to tube 3 of the Ubbelohde viscometer. 
The level of the liquid should he between the two marked lines on the large reservoir 
bulb (4), if not adjust accordingly. 
4. Tube 2 is sealed with your finger, a stopper or Parafilm and a vacuum is applied to tube 
I. 
This will cause the successive filling of the lower reservoir (5), the working capillary, 
the timing bulb (8) and the upper reservoir (9). 
6. The vacuum and seal is removed. 
The liquid separates at the end of the capillary and the interval (t) between the two 
timing marks M, and M2on the timing bulb (8) is measured. 
This is repeated at least twice. The timing results should be within 2%. 
9. In the same manner the efflux time for the diluted solvent alone is measured - to. 
(The numbers quoted refer to the numbers stated on Ubbelohde tube instruction sheet 
Appendix I a) 
10. Cleaning of the viscometer tubes is essential and should be adhered to as follows. 
a. Dispose of Cuen/paper sample appropriately 
b. Rinse viscometer tube thoroughly with distilled water 
c. Soak in a nitric acid (20 % aqueous), rinse with distilled water 
d. Rinse with acetone to help dry tube 
e. Either blow dry with compressed air or dry in a suitable oven. 
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A- 
Calculations 
The DP can be calculated from the viscosity of dilute polymers solutions. The use of solution viscometry as a measure of the DP has been accepted ever since the early work carried out by Staudinger (1930). The viscosity of a dilute polymer solution is related to the hydrodynamic 
volume of that polymer in a particular solution. Only dilute polymer solutions can be studied, because the relationship between viscosity and the DP is only valid for solutions of 0.1% or less. 
The calculations involved to obtain the Degree of polymerisation from the viscosity of the dilute solutions are performed using NEcrosoft excel. 
The viscosity of a dilute polymer in solution is related to the degree of polymerisation using the 
Mark Houwink equation. 
[77] =k Dp 
a 
Where [, rl] is the intrinsic viscosity and k and cc are constants. The intrinsic viscosity is 
calculated as follows.,, 
The kinematic viscosity (e) is calculated; e= Ct and solvent e .=C to 
where C is the calibration constant of the viscometer tube. 
The relative, viscosity is calculated, q,,, =e/e. 
In conjunction with the standard tables from ASTM 1795 and IEC 450 the relative viscosity 
(TI. 1) is used to find the product [, q]c (intrinsic viscosity multiplied by concentration). To enable 
a relatively quick calculation the table mentioned can be replaced by the mathematical equation; 
77,,,, -I= l7sp = 1771 c 
kf 77]c 
where the value of [, q]c is calculated Dividing by the concentration of the solution analysed 
(calculated from the dry weight) affords the intrinsic viscosity [ij]. The constant k =0.322 mi 
Martins equation above. 
The DP is then calculated from appropriate Mark Houwink constants. Care has to be taken 
when choosing the constants. There are many constant quoted in the literature for cellulose 
and the DP can vary tremendously depending on the constants used. The constants used depict 
the polymer solvent interaction and are specific to the conditions in which they were calibrated. 
The Mark Houwink constants used here are directly related to transformer insulation (ASTM 
D 4243-86 and IEC 450), the constants are: 
(x =I and k=0.0075 
210 
Appendix I 
Appendix Ib DP Method Study Tables of Data 
Table (1) 
Laboratory aged Sample 2 
Statistical Analysis of DP with respect to ne 
no nnnrn-v 07 
Mean 
Standard Error 
Standard Deviation 
Variance 
Range 
Minimum 
Maximum 
Count 
Confidence Level (95%) 
213.1 
0.927 
2.622 
6.8 7' 3 
7.4 
208.9 
216.3 
8 
1.817 
rrrr'iy 11 11%, appi VA 1.1 
213.1 
0.447 
1.548 
2.397 
5.3 
210.6 
215.9 
12 
0.876 
ne approx 1.7 
213.2 
0.296 
0.836 
0.699 
2.6 
211.9 
214.5 
8 
0.579 
Table (2) 
Transformer Sample 3B 6 
Statistical Analysis of DP with respect to ne 
Mean 
Standard Error 
Standard Deviation 
Variance 
Rangge 
Minimum 
Maximum 
Count 
Confidence Level (95%) 
ncapproxO. 7 ncapproxl. l ncapproxl. 7 
436.2 
5.622 
19.476 
3 326 79.3 
59.7 
414.4 
474.1 
12 
11.0195 
439.2 437.8 
3.686 2.185 
15.637 7.569 
244.508 57.294 
46.7 19.1 
419.1 429.2 
465.8 448.3 
18 12 
7.223 7 4.2826 
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.t 
awe Data for Laboratory Aged Kraft Paper Sample 2 . L. 
Data used for the plot of Degree of polymerisastion against ne (intrinsic viscositY times concentration). 
Sample Viscometer Viscometer Efflux e= Ct Cone. (c) nrel = e/e' nc In] DP Lab Book- tube constant time (s) g/dl 
Reference 
TR(T)215 
19-41.8 8660 0.002789 898.60 2.506 0.431 1.858 0.687 1.595 212.7 
195.11 8685 0.002587 969-00 2.507 0.429 1.858 0.688 1.603 213.8 
195,11 8685 0.002587 971.30 2.513 0.429 1.863 0.691 1.610 214.7 
195.8 8660 0.002789 901.03 2.513 0.431 1.863 0.691 1.603 213.7 
19 5.9 8665 0.002583 995.65 2.572 0.459 1.906 0.719 1.567 208.9 
195.9 8665 0.002583 997.75 2.577 0.459 1.910 0.722 1.572 209.6 
195.10 8662 0.002757 938-12 2.586 0.450 1.917 0.726 1.614 215.2 
19 5.10 8662 0.002757 940.97 2.594 0.450 1.923 0.730 1.622 216.3 
165.6 8660 0.002789 1055.09 2.943 0.667 2.460 1.044 1.565 211.4 
165.6 8660 0.002789 1059.97 2-956 0.667 2.472 1.050 1.574 212.7 
164.1 8660 0.002789 1078.13 3.007 0.688 2.514 1.072 1.558 210.6 
164.1 8660 0.002789 1084.28 3.024 0.688 2.528 1.080 1.569 212.1 
164.2 8685 0.002587 1182.16 3.058 0.6 9 5, 2.5 57 1.095 1.575 212.8 
164.2 8685 0.002587 1187.74 3.073 0.695 2.569 1,101 1.584 214.0 
164.3 8668 0.002615 1179.10 3.083 0.705 2.578 1.105 1.568 211.9 
164.3 8668 0.002615 1183.97 3.096 0.705 2.589 1.111 1.576 212.9 
165.1 8668 0.002615 1185.72 3.101 0.699 2.593 1.113 1.592 215.2 
165.1 8668 0.002615 1189.21 3.110 0.699 2.600 1.117 1.598 215.9 
165.4 8660 0.002789 1119.91 3.123 0.712 2.612 1.123 1.577 213.1 
165.4 8660 0.002789 1125.19 3.138 0.712 2.624 1.129 1.586 214.3 
125.7 8660 0.002789 1133.13 3.160 0.695 2.642 1.138 1.638 218.5 
125.7 8660 0.002789 1138.03 3.174 0.695 2.654 1.144 1.647 219.6 
195.6 8668 0.002615 2031-00 5.311 1.061 3.937 1.699 1.602 213.5 
195.6 8668 0.002615 2036.00 5.324 1.061 3.947 1.703 1.605 214.0 
195.5 8662 0.002757 1985.00 5.473 1.097 4.057 1.744 1.589 211.9 
195.5 8662 0.002757 2000-00 5.514 1.097 4.087 1.755 1.600 213.3 
173.2 8662 0.002757 1784.28 4.919 1.130 4.113 1.764 1.561 211.0 
195.7 8665 0.002583 2169.74 5.604 1.116 4.155 1.779 1.594 212.5 
195.7 8665 0.002583 2180.67 5.633 1.116 4.175 1.786 1.601 213.4 
173.2 8662 0.002757 1819.81 5.017 1.130 4.195 1.793 
- 
1.587 214.5 
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I at) le(4) DP Data for Transformer Sample 3B 6 
Data used for the plot of Degree of polymerisastion against nc (intrinsic viscosity times concentration). 
Sample Viscometer 'Viscometer Efflux e=Ct Conc. W nrel nc [n] DP Lab Book 
f 
tube constant time (s) g, 'dl 
Reference 
TR(T)215 
201.2 8665 0.00258-3 , 982.27 2.5 33 7 0.226 1.881 0.702 3.108 414.4 
201.2 8665 0.002583 3 982.46 2.538 0.226 1.881 0.703 3.109 414.6 
201.1 8660 0.002789 918.00 2.560 0.227 1.898 0.714 3.144 419.1 
201.1 8660 0.002789 922.75 1574 0.227 1.908 0.720 3.171 422.9 
192.2 8662 0.002757 
_935.54 
2.579 0.223 1.912 0.723 3.241 432.1 
192.2 8662 0.002757 938.32, 2.587 0.223 1.918 0.726 3.257 434.3 
195.1 8660 0.002789 930.01 2.594 0.225 1.923 0.730 3.243 432.3 
195.1 8660 0.002789 932.3 5 1 2.600 0.225 1.928 0.7333 3.256 434.2 
115.1 8668 0.002615 901.03 2.33 56 0.218 1.970 0.760 3.484 470.9 
115.1 8668 0.002615 904.88 2.366 0.218 1.978 0.765 3.509 474.1 
192.1 8668 0.002615 1039.88 2.719 0.238 2.016 0.788 3.311 441.5 
192.1 8668 0.002615 1042.78 2.727 0.238 2.021 0.792 3.326 443.5 
133.1 8660 0.002789 1297.21 3.618 0.345 2.684 1.159 3.361 448.1 
133.1 8660 0.002789 1300.36 3.627 0.345 2.691 1.16 
-3, 
3.370 449.4 
13 5.1 8662 0.002757 1177.56 3.247 0.354 2.714 1.175 3.318 448.4 
13 5.1 8662 0.002757 1178.44 3.249 0.354 2.717 1.176 3.321 448.8 
121.1 8668 0.002615 1284.31 
-3.358 0.355 
2.808 1.221 3.439 464.7 
121.1 8668 0.002615 1287.06 3.366 0.355 2.814 1.223 3.447 465.8 
159,11 8660 0.002789 1209.62 3.374 0.393 2.821 1.227 3.121 421.8 
159,11 8660 0.002789 1205.78 3.363 0.393 2.812 1.222 3.110 420-3 
159-33 8668 0.002615 1320.75 3.454 0.402 2.888 1.259 3.131 423.1 
159.3 8668 0.002615 1326.66 3.469 0.402 2.901 1.265 3.146 425.2 
12 51 8668 0.002615 1331.39 3.482 0.373 2.911 1.270 3.407 454.2 
125.1 8668 0.002615 1333.04 3.486 0.373 2.915 1.271 3.411 454.8 
159.1 8660 0.002789 1267.38 3.535 0.399 2.955 1.291 3.234 437.1 
159.1 8660 0.002789 1272.15 3.548 0.399 2.967 1.296 3.247 438.8 
159,10 8662 0.002757 1296.87 33.5 75 0.420 2.990 1.306 3.110 4203 
159.10 8662 0.002757 1293.40 3.566 0.420 2.982 1.303 3.102 419.1 
159.2 8685 0.002587 - 1452.64 3.758 0.431 3.142 1.376 3.192 431.3 
159.2 8685 0.002587 1461.68 3.781 0.431 3.162 1-384 3.212 434.0 
201.3 8665 0.00258-3 1969.00 5.086 0.508 3.770 1.636 3.220 429.4 
201.3 8665 0.002583 1975.00 5.101 0.508 3.782 1.640 3.229 430.5 
201.3 8665 0.002583 1981.00 5.117 0.508 3.793 1.645 3.238 4-3 1.7 
201.4 8685 0.002587 2051.34 1 5.307 0.512 3.934 1.698 3.319 442.5 
- 
201.4 8685 0.002587 2055.28 5.317 0.512 3.941 1.701 3.324 443.2 
- 
195.4 8685 0.002587 2076.00 5.371 0.533 3.981 1.716 3.219 429.2 
195.4 8685 0.002587 2078.00 5.376 0.533 3.985 1.717 3.222 429.6 
201.4 8685 0.002587 2082.44 
-5.387 0.512 3.994 . 
1.720 3.362 448.3 
195.3 8660 0.002789 1980.00 5.522 0.536 4.094 1.757 3.278 437.1 
195.3 8660 0.002789 1984.00 5.533 0.536 4.102 1.760 3.283 437.8 
192.4 8660 0.002789 2064.00 5.756 0.544 4.267 1.819 3.344 445.8 
192.4 1 8660 0.002789 2076-00 5.790 0.544 1 4.292 1 1.828 3.360 447.9 
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ia we t3t) (Mixing, study) 
nc approximately 1-1.5, all sample mixed under seal of nitrogen 
DP Average Time of Mixing Type of dissolution 
2 13.1 Overnight Mechanical Shaker 
' 14.6 ? hours Ultrasonic Bath 
2 12.1 6hours Ultrasonic Bath 
Data for Sample 5a 160 Degrees Centigrade in oil. (Nfixing study) 
Studying the efects of Dissolution the degree of polymerisation 
Sample Viscorneter Viscorneter Efflux e= Ct Conc. (c) nrel e/e' nc [n] DP 
Lab Book tube constant 
_tune 
(t) g/dI 
Reference , I I II I I I I TR(T)21 
165-1 8668 0.002615 ] 1189.21 3.110 0.699 2.600 1.117 1.598 215.9 
165.1 8668 0.002615 1185.72 3.101 0.699 2.593 1.113 1.592 215.2 
W tr tra sonic 2 hrs 215.5 
- 165.4 
- 
8660 0.002789 1125.19 3.138 0.712 2.624 1.129 1.586 214.3 
165.4 8660 0.002789 1119-91 3.123 0.712 2.612 1.123 1.577 213.1 
ultra sonic 2hrs 213.7 
165.6 8660 0.002789 1059.97 2.956 0.667 2.472 1.050 1.574 2117 
F 165.6 8660 0.002789 1055.09 2.943 0.667 2.460 . 1.044 , 1.565 211.4 ultra sonic 6hrs I I 1 1 212.1 
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lir 1 11 1 -, 
I at Die ko) 
Viscometeric Data for isothermal Degradation of Transformer S 
Studying the degradation Rate, while left in the -viscometer 
amples 
tube 
Load time 9: 3 0 am (t=om in) 
Isothermal degradation Of Kraft paper due to oxidative degradation of Cuen/cellulose 
Reg 
, ression Data for Transformer S ample 3B 6 (thick) 
Plot I Linear Re-ression Analysis of Degree of Polymerisation against Time (mms) 'n 
Regression Data 
Amalysis of Variance 
df Sum of Squares Mean Square F Significance F 
Rearession 1 2 33 1.0 8 86 74 231.09 195.56 SE-06 
Residual 6 7.090076233 1.1817 
Total 7 23 8.17875 
Coefficients Standard Error Lower 95% Upper 95 % 
Intercept 450.6122-332 0.77273267 448.72 452.5 
Gradient; rate -0.04347349 0.003 10874 -0.0511 -0.0359 
Plot 2 linear Regression Analvsis of Degree of Polymensation against log Time (mins) 
Rearession Data 
Analysis of Variance 
df Sum of Squares Mean Square F Significance F 
Regression 1 216.272934 216.27 59.237 3E-04 
Residual 6 21.9058158 3.651 
Total 7 238.17875 
Coefficients Standard Error Lower 95% Upper 95% 
Intercept 475.590644 4.51427166 464.54 486.64 
Gradient/rate -15.4155733 2.00291577 -20.317 -10.515 
Sample End Run Viscometer Viscometer Efflux e= Ct Conc. (c) nrel = nc [n] DP 
- 
time (mins) tube constant time W a/dI C e/e' ASTM 
D4243-86 
I I Blank average 1.196 1 1 ---- 
135.1 40-0 8662 0.002757 1177.56 3.247 0.354 2.714 1.175 3.318 448.4 
65.0 8662 0.002757 1178.44 3.249 0.354 2.717 1.176 3.321 448.8 
448.6 
140.2 8662 0.002757 1168.81 3.222 0.354 2.694 1.165 3.290 444.5 
165.0 8662 0.002757 1166.40 3.216 0.354 2.689 1.162 3.282 443.5 
444.0 
270.0 8662 0.002757 1155.90 3.187 0.354 2.665 1.150 3.247 438.8 
295.0 8662 0.002757 1150.25 3.171 0.354 2.652 1.143 3.229 436.3 
437.6 
360.0 8662 0.002757 1145.54 3.158 0.354 2.641 1.138 3.213 434.2 
390.0 8662 0.002757 1 1148.12 3.165 0.354 2.647 1.141 3.222 1 435.4 I -_ 1 1 434.8 
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Table (7) 
"iscometeric Data for isothermal De(Yradation of Transformer Samples Vn Load time 9: 30 am (t=0min) 
Studying the degradati on Rate, while left in the viscometer tube 
Isothermal degradation Of Kraft paper due to oxidative degradation of Cuen/c ellulose 
Regression Data for Transformer Sample 3B 23 (thick) 
Plot I Linear Regression C> Analysis of Degree of Polymerisation against Time (mins) 
Regression Data 
Analysis of Variance 
df Sum of Squares Mean Square F Significance F 
Rearession 1 173.27645 173.28 158.67 2E-05 
Residual 6 6.55229976 1.092 
Total 7 179.82875 
Coefficients Standard Error Lower95% Upper 95% 
Intercept 440.929465 0,74968796 439.1 442.76 
Gradient/rate -0.03821-356 0.00303367 -0.0456 -0.0308 
Plot 2 Linear Regression Analysis of Degree of Polymensation against time Log, Time ( mins) 
Regression Data 
Analysis of Variance 
df Sum of Squares Mean Square F Significance F 
Regression 1 171.274089 171.27 120.13 3E-05 
Residual 6 8.55466114 1.4258 
Total 7 179.82875 
Coefficients Standard Error Lowei-95% Upper 95% 
Intercept 463.422425 2.83356403 456.49 470.36 
Gradient/rate -13.7796113 1.25723631 -16.86 -10.70 
Sample End Run Viscometer Viscometer Efflux e= Ct Conc. (c) nrel = nc [n] DP 
time (mins) tube constant 
- time (t) g/dl e/e' ASTM 
D4243-86 
Blank average 1.196 
135.2 40.0 8660 0.002789 1123.17 3.133 0.346 2.619 1.127 3.256 440.0 
65.0 8660 0.002789 1121.49 3.128 0.346 2.615 1.125 3.250 439.2 
439.6 
140.2 8660 0.002789 1111.49 3.100 0.346 2.592 1.113 3.216 1 434.5 
170.0 8660 0.002789 1110.58 3.097 0.346 2.590 1.111 3.212 434.1 
434.3 
270.0 8660 0.002789 1100.90 3.070 0.346 2.567 1.100 3.179 429.6 
295.0 8660 0.002789 1099.84 3.067 0.346 2.565 1.099 3.175 429.1 
429.3 
355.0 8660 0.002789 1099.88 3.068 0.346 2.565 1.099 3.175 429.1 
8660 0.002789_ 1093.56 1 3.050 1 0.346 2.550 1.091 
1 3.153 426.1 
II 427.6 
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Table (8) 
'Viscometeric Data for isothermal Degra dati 'on of Transformer Samples Load time 9: 30 am (t=Omin) 
Studying the degradati on Rate, while left in the viscometer tube 
Isothermal degradation Of Kraft paper due to oxidative degradation of Cuen/cellulose 
Regression Data for Transforemer S ample 3B 47 (thick) 
Plot I Linear Regression AnAN'SIS of Degree of Polymerisation against Time (mins) 
Regression Data 
Z- 
Analysis of Variance 
df Sum of Squares Mean Square F Significance F 
Regression 1 201.79592 201.8 386.48 1E-06 
Residual 6 3.13 28 29 85 0.5221 
Total 7 204.92875 
Coefficients Standard Error Lower 95% Upper 95% 
Intercept 441.5 32206 0.52180834 440.26 442.81 
Gradient/rate -0.04172-3311 0.0021223-33 -0.0469 -0.0365 
Plot 2 Linear Regression Analysis of Degree of Polymerisation against log Time (mins) t) 41 
Regression Data 
Analysis of Variance 
df Sum of Squares Mean Square F Significance F 
Regression 1 192.792127 192-79 95.311 7E-05 
Residual 6 12.1366233 2.0228 
Total 7 204.92875 
Coefficients Standard Error Lower 95% Upper 95% 
Intercept 465.798391 3.43876604 457.38 474.21 
Gradient/rate -14.8884275 1.52502687 -18.62 -11.157 
Sample End Run Viscometer Viscometer Efflux e= Ct Cone. (c) nrel ric (n] DP 
time (mins) tube constant time (t) 
- 
g/dI e/e, ASTM 
D4243-86 
I Blank average 1 1.196 
135.3 40.0 8665 0.002583 1426.28 3.684 0.414 3.080 1.348 3.256 440.0 
70.0 8665 0-002583 1424.24 3.679 0.414 3.076 1.346 3.251 439- -3) 
439.6 
14 - 0-0 8665 0.002583 1412.95 3.650 0.414 3.052 1.335 3.224 1 435.7 
170.0 8665 0.002583 1406-99 3.634 0.414 3.039 1.329 3.210 433.8 
434.7 
265.0 8665 0.002583 1394.89 3.6_03 0.414 3.013 1.317 3.181 429.9 
290.0 8665 0.002583 1391.95 3.595 0.414 3.006 1.314 3.174 
428.9 
429.4 
355.0 8665 0.002583 . 
1384.06 3.575 0.414 2.989 1.306 3.155 426.4 
385.0 
_ 8665 0.002583 1385.11 3.578 0.414 2.991 1.307 3.158 426.7 
1 426.5 
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Table 9 
Data for the isothermal degradation of blank solution Load time 9: 30 am 
Studying the degradation Rate, while left in the viscometer tube (t=Omin) 
End Run Kinematic Statistical Analysis on 
time (mins) Viscosity Isothermal Blank Run data 
Mean 1.194625 
0.00 1.195 Standard Error 0.000375 
19.80 1.196 
j 
Standard Deviation 0.001061 
100.02 1.196 Sample Variance 1.1 3E-06 
0.02 1.193 Range 0.003 
229.98 1.194 Minimum 1.193 
255.00 1.195 Imaximurn 1.196 
"' 3 25.02 1.194 
Icount 8 
-355.02 1.194 1 
lConfidence Level(95.0%) 
- 
0.000887 
L. ý 
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-t aDie 
(iu) Sample I 
Dl? Data for the isothermal Degradation of Aged Kraft Paper 
Studving the degra ation Rate Exposed to air in situ Sample End rim Viscometer Viscometer Efflux e= Ctj C nc. (c) il rel =qc[, q DP time (MIn's) tube constant time (t) g/dl e/e, TR(T)215 
Blank average 1.349 
201. -5 . 30.00 8662 0.002757 985.63 2.717 0.757 2.014 0.787 1.040 193.4 
42.00 8662 0.002757 982.13 2.708 , 0.757 2.007 0.783 1.034 192.3 109.98 8662 0.002757 969.4 2.673 0.757 1.981 0.7671 1.013 188.4 
13 -5.9 6 8662 0.002757 978.41 2.697 0.757 2.000 0.7781 1.028 191.2 
153.00 8662 0.002757 969.81 2.674 0.757 1.982 0.7671 1.013 188.5 
280.02 8662 0.002757 958.41 2.642 0.757 1.959 0.752 0.994 184.9 
312.00 8662 0.002757 962.34 2.6531 0.757 1.967 0.758 1.001 186.1 
439.80 8662 0.002757 954.68 2.6321 0.757 1.951 0.748 0.988 183.7 
466.98 8662 0.002757 964.84 2.6601 0.757 1.972 0.761 1.005 186.9 
487.02 8662 0.002757 958.15 2.6421 0.757 1.958 994, 184.8 
Table (11) Sample 3 
DP Data for the isothermal Degradation of Aged Kraft Paper 
Studying the de-gra ation Rate Exposed to air in situ 
Sample End run Viscometer Viscometer Efflux e= Ct Conc. (c) 71rel = Tic [-qj DP 
time (mm's) tube constant time (t) g/dI e/e' TR(T)2151 
Blank average L. 349 
201.6 334.98 8668 0.002615 1467.8 3.838. 0.409 2.845 1.238 13.028 563.2 
64.00 8668 0.002615 1452.2 3.797 0.409 2.815 1.224 2.992 556.6 
115.00 8668 0.002615 1451.1 3.795 0.409 2.813 1.223 2.990 556.1 
143.00 8668 0.002615 1439.9 3 ). 765 0.409 2.791 1.212 2.964 551.3 
285.00 8668 0.002615 1428.3 3.735 
, 
0.409 2.769 1.201 
, 
2.937 546.3 
317.00 8668 0.002615 1431.4 3.743 0.409 2.775 1.204 2.945 547.7 
445.98 8668 0.002615 1422.5 3.720 0.409 2.757 1.196 2.924 543.8 
474.00 8668 0.002615 
, 
1421.3 3.717 0.409 2.755 1.195 2.921 
. 
543.3 
Table (12) As received 
DP Data for the isothermal Degradation of as received Kraft Paper 
Studying, the degra ation Rate Exposed to air in situ 
Sample End run Viscometer Viscometer Efflux - 
e= Ct Conc. (c) 71rel = nc 1, q] DP 
time (rMn's) tube constant time (t) g/dI e/e' TR(T)215 
Blank average 1.331 
286.18 17.00 8660 0.002789 958.01 2.672 0.082 2.007 0.783 9.585 1278.0 
34.00 8660 0.002789 944.78 2.635 0.082 1.980 0.766 9.37 3 1249.7 
62.00 8660 0.002789 938.32 7 0.082 1.966 0.757 9.269 1235.9 
144.00 8660 0.002789 928.5 2.590 0.082 1.9461 0.744 9.110. 1214.6 
157.00 8660 0.002789 930.24 2.594 0.082 1.949 0.746 9.138 1218.4 
175.00 8660 0.002789 921.84 2.571 0.082 1.932 0.735 9.001 1200.1 
305.00 8660 0.002789 905.1 2.524 0.082 1.897 0.713 8.725 1163.3 
341.00 8660 0.002789 902.87 2.518 0.082 1.892 0.710 8.688 1158.4 
453.00 8660 0.002789 892.15 2.488 0.082 1.869 0.695 8.509 1134.6 
476.00 8660 0.002789 , 
890.1 2.482, 0.082 1.865 0.692. 8.475 1130.0 
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i able (13) 
VISCOMeteric Data for isothermal Degradation of As received Kraft Paper Stud, 'a 
,, the degradation Rate Air Exposed in situ 
S l amp el Endnin lViscometer 
_Viscometer 
Efflmx e=Ct IConc. (c) rrel= 71C fill DP time (mids) tube constant time (t) g/dI TR(T)215 
Blank average 1.331 
298.9 14 8660 0.002789 989.28 2.759 0.077 2.073 , 0.823 10.680 1424.0 
- 
22.5 8660 0.002789 982.42 1 2.740 0.077 2.059 10.814 10.567 1408 .9 
_53' 
8660 
_0.002789 
974.50 2.718 0.077 2.042 0.804 10.435 1 1391.4 
6 33 8660 0.002789 995.12 2.775 0.077 2.085 0.831, 10.776 1436.9 
72.5 8660 0.002789 970.87 2.708 0.077 2.034 0.8001 10.375 1383 .3 121 8660 0.002789 951.91 2.655 0.077 1.995 0.7751 10.056 1340.7 
13" 1 8660 0.002789 984.43 2.746 0.077 2.063 0.817 10.600 14 1-3.4 
140.5 
_8660 
0.002789 948.63 2.646 , 0.077 1.988 0.771 10.000 1333.3 150 8660 0.002789 1004.56 2.802 0.077 2.105. 0.842 10.931 1457.4 
160 8660 0.002789 937.19 2.614 0.077 1.964 0.756 9.805 1307.3 
169 8660 0.002789 9-36.22 2.611 0.077 1.962 0.754 9.788 1305.1 
192.5 8660 0.002789 929.75 2.593 0.077 1.948 0.746 9.677 1290.2 
222.5 8660 0.002789 926.50 2.584 0.077 1.941 0.741 9.621 1282.7 
Table (14) 
Viscorneteric Data for isothermal Degradation of As received Kraft Paper 
Studyi g the degradation Rate Air Exposed .a beaker and all taken throu the day 
Sample End rwi Viscorneter Viscometer Efflux e= Ct Conc. (c) rirei Tic Ifl] DP 
time (min's) tube constant time (t) g/dI ee! TR(T)215 
Blank average - 1.331 
301.2b 10.08 8685 0.002587 1062.191 2.748 0.076 2.065 0.818 , 10.783 1437.8 
10.28 8685 0.002587 1050.591 2.718 0.076 2.042 0.804 1 10.602 1413.6 
11.32 8668 0.002615 1040.50 2.721 0.076 2.044 0.806 10.620 1416.0 
11.53 8668 0.002615 1032.18 2.699 0.076 2.028 0.796 10.488 1398.4 
14.22 8668 0.002615 1007.29 2.634 0.076 1.979 0.765 10.087 1345.0 
14.41 8668 0.002615 999.00 
. 
2.612 0.076 1.963 
. 
0.755 
. 
9.952 1327.0 
15.10 8685 0.002587 1005.53 2.601 
. 
0.076 
. 
1.954 0.750 1 9.883 1 1317.7 
15.30 8685 0.002587 1005.22 2.601 1 0.076 11.954 0.749 9.878 
Table (15) 
Viscorneteric Data for isothermal Degradation of As received Kraft Paper 
Stud. ia the degradation Rate Sample stored der nitrogen and aliquots taken throu t the 
Sample End rLin Viscometer Viscometer Efflux -e= 
Ct moisture TFel nC [I] DP 
time (mids) tube constant time (t) % e/e! TR(T)215 
Blailk average 1.331 
301.2a 10.1 8660 0.002789 981.99 2.739, 0.076 2.058 0.814, 10.728 1430.455 
10.3 8660 0.002789 970.93 2.708 0.076 2.035 0.800 10.541 1405.518 
11.3 8660 0.002789 983.84 2.744 0.076 2.062 0.816 10.76 1434.606 
11.5 8660 0.002789 973.16 2.714 0.076 2.0-3) 9 0.803 10.579 1410.563 
14.2 8660 0.002789 979.98 2.733 0.076 2.053 0.811, 10.695 1425.938 
14.4 8660 0.002789 971.16 2.709 0.076 2.035 0.8001 10.545 1406.039 
1 15.1 8662 
0.002757 998.09 2.752 0.076 2.067 0.820 10.807 1440.875 
1 153 8662 0.002757 988.41ý . 725 1 - 
0.076 
1 
2.047 0.8081 10.945 tl4l9.3861 
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.t aDie 
(io) 
Data from the study of DP versus Temperature 
Samples run over 7 hour period Load Time 10: 00am 
Sample Viscometer Viscometer Efflux e= Ct Cone. (c)nrel nc [n] DP 
tube constant time (t) g/dI e/e' 
Blank TR(T)215 
20 Deg C 8685 0.002587 521.19 
-3) 48 N/A 
0.002587 520.82 1.347 N/A 
1.348 
23) Deg C 8685 0.002587 486.00 1.257 N/A 
0.002587 484.97 1.255 N/A 
1.256 0.0075=k 
25 Dec, C 8685 0.002587 461.84 1.195 N/A 20degc 
0.002587 461.69 1.194 N/A constant 
1.195 
27 Deg C 8685 0.002587 441.28 1.142 N/A 
0.002587 440.5-3) 1.140 N/A I 
1.141 
3 50 Deg C 8685 0.002587 412.81 1.068 N/A 
0.002587 412.81 1.068 N/A 
1.068 
3B 6 (thick) 
1, -. 1 3-3 8660 0.002789 1297.2 3.618 -1 0.345 -1 2.684 1.159 3.361 448.1 
20 Deg C 0.002789 1300.4 3.627 0.345 2.691 1.163 3.370 449.4 
448.7 
133.1 8660 0.002789 1176.4 3.281 1 0.3)45 2.612 1.123 13.255 434.0 
2-33 Deg C 0.002789 1184.3 3.3 03 0.345 2.630 1.132 3.281 437.5 
433 5.8 
133.1 8660 0.002789 1120.4 3.12 5 0.345 2.616 1.125 3.260 434.7 
25 Deg C 0.002789 1107.9 -3.090 
0.3) 45 2.587 1.110 3 ). 217 428.9 
431.8 
133.1 8660 0.002789 1050.0 2.928 0.345 2.567 1.100 3.188 425.1 
27 Deg C 0.002789 1045.6 2.916 0.3345 2.557 1.094 3.172 422.9 
424.0 
133.1 8660 0.002789 962.5 2.685 0.345 2.5141 1.072 3.107 414.3 
3 )0 Deg C 0.002789 961.5 2.682 0.345 2.5111 1.0701 1 -3.10-3 
4133.7 
r F- 
I I 
1 1 414.0 
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j[al)le (16 cont) 
3B 23 (thick) 
1-333.2 8665 0.002583) 1425.0 1 3.681 0.338 2.731 1. 18-3) 3.499 466.5 
20 Deg, C 0.0025833 1418.2 3.6 6 -3) 0.333 8 2.718 
1 1.176 3.480 464.0 
465. -3) 133. 2 8665 0.002583 1 -3 )01.5 1 3.362 0.338 2.677 1.1561 35.419 455.9 
23 Deg C 0.00258-33 1296.7 3.3 49 0.338 2,667 1.151 3.404 453.9 
1 454.9 13 32 8665 0.002583 1224.4 3.16-35 0.30-38 2.648 1.141 3.376 450.1 
25 Deg C 0.00258-33 1220.9 3.154 0.338 2.640 1.137 3.364 448.6 
449.3 
13 3. " 8665 0.002583 1150.4 2.972 0.3-38 2.605 1.1119 3.312 441.6 
27 Deg C 0.002583 1155.8 2.986 0.338 2.617 1.126 3.3330 444.1 
442.8 
1333.2 8665 0.002583) 1 0-ý6.2 2.728 0.3 38 2.555 1.093 33 3.235. 431.3 
. 30 
Deg C 0.002583 1054.2 2.7 2 -3) 0.3338 2.550 1.091 3.227 430.3 
430.8 
3B 47 (thick) 
111.1 11 '5 8668 0.002615 1778.0 4.649 0.438 3.450 1.508 3.442 458.9 
20 Deg C 0.002615 1785.0 4.668 0.438 3.463 1.5133 3.455 460.6 
459.8 
13 33 
- 
33 8668 0.002615 1624.7 4.249 0.4 38 3.383 1.480 3.378 450.4 
23 Deo C In 0.002615 1617.2 4.229 0.438 3.367 1.473) 3.363 448.4 
449.4 
13 3.3 8668 0.002615 1515.4 1 3.9633 0.438 33.317 1.452 13.3315 442.0 
25 Deg C 0.002615 1518 - 
35 3.970 0.438 3.324 1-455 3.321 442.8 
442.4 
133.3 8668 0.002615 1429.3 3.7 38 0.438 3.277 1.435 3.275 436.7 
27 Deg C 0.002615 1425.7 3.728 0.438 3.269 1 1.431 3.267 435.6 
436.2 
133.3 8668 0.002615 1308.7 3.422 0.438 3.205 1.403 3.203 1 427.1 
30 Deg C 0.002615 1308.0 3.420 0.438 3.203 1.402 3.202 426.9 
1 1 427.0 
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Table (17) 
Statistical Analysis on the DPvalues from Transformer Sample 3B 23 
hc value remains xvithin 1-1.5 
Mean 447.9 33 
Standard Error 4.27 76 
Standard Deviation 18.148 
Variance 33 2 9.3 6 
Range 50.225 
Minimum 421.51 
Maximum 471.74 
Count 18 
Confidence Level (95%) 8.3) 8-39 
Data forTransformer Sample 3B 23 
Sample I Viscometer I Viscometer I Efflux le = Cd Conc. (c) I hrel =I hc I [h] I DP 
Lab Book tube constant time (t g/dl e/e, IIII 
Reference 
III 
ITR(T)2151 
121.2 8685 0.002587 1261.0 3.262 0.343 2.728 1 1.181 3.443 465.3 
8685 0.002587 1264.2 3.271 4343 2.735 1.185 3.453 466.7 
466.0 
125.2 8685 0.002587 1236.5 3.199 0.354 2.675 1.155 3.258 _ 434.4 
8685 0.002587 1231.8 3.187 C354 2.664 1 1.149 3.243 432.5 
432.5 
133.2 8665 0.002583 1425.0 3.681 0.338 2.731 1.183 3.499 466.5 
8665 0.002583 1418.2 3.663 4338 2.718 1.176 3.480 464.0 
1 465.3 
135.2 8660 4002789 1123.2 3.133, 4346 2.619 1.127 3.256 440.0 
8660 0.002789 1121.5 3.128 0.346 2.615 1.125 3.250 439.2 
439.6 
150.3 8665 0.002583 14006 3.628 0.384 3.034 1 1.327 3.455 466.8 
8665 0.002583 1400.8 3.618 0.384 3.025 1.323 3.445 465.5 
466.2 
159.4 8665 0.002583 1347.0 3.479 0.394 2.909 1.269 3.220 435.2 
8665 0.002583 1343.9 3.471 0.394 2.902 1 1.266 3.212 434.1 
434.6 
159.5 8662 0.002757 1283.5 3.539 0.400 2.959 1.292 3.227 436.1 
8662 0.002757 1279.0 3.526 0.404 2.948 1.287 3.186 430.6 
1 433.3 
159.6 8660 0.002789 1180.6 3.293 W381 2.753 1 1.194 3.133 423.4 
8660 0.002789 1176.0 3.280 C381 2.742 1.188 3.119 421.5 
422.4 
163.2 8662 0.002757 1260.4 3.475 0.365 2.905 1.267 3.471 469.1 
8662 0.002757 1266.9 3.493 0.365 2.920 1.274 3.4911 471.7 
1 1 470.4 
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Table (18) 
Statistical Analysis on the DP values from Transformer Sample 3B 47 
-nc remains within approx 1-15 
Mean 451.37 
Standard Error 3.5702 
Standard Deviation 14.281 
Variance 20 3.94 
Range 47.291 
Minimum 438.61 
Maximum ' - 485.90 
Count 16 
Confidence Level (95%) 6.9974 
Data for 3B 47 thick 
Sample I Viscometer Viscometer Efflux e= Ct Conc. (c) TIrel qc 1ri I DP 
constant time (t) g/dl e/e, 
TR(T)215 
1 
-33.3 
8668 0.002615 1778.00 4.649 0.438 3.450 1.508 3.442 458.9 
8668 0.002615 1785.00 4.668 0.438 3.463 1.513 3.455 460.6 
459.8 
1-3) 5.3 8665 0.0025833 1426.28 3.684 0.414 3.080 1.348 13.256 440.0 
8665 0.002 5 83) 1424.24 3.679 0.414 3.076 1.346 3.251 439.3 
439.6 
150.1 8660 0.002789 1327.00 3.701 0.409 3.094 1.354 3.311 447.4 
8660 0.002789 1327.69 3.703 0.409 3.096 1.355 13.3313 447.7 
447.6 
150.2 8668 0.002615 1401.38 -3.6 65 0.407 3.064 1.340 3.294 445.1 
8668 0.002615 1394.97 3.648 0.407 3.050 11.334 3.278 443.0 
1 444.0 
159.7 8685 0.002587 1462.00 3.782 0.411 3.162 1.385 13.369 455.2 
8685 0.002587 1453.49 3.760 0.411 3.144 1.376 3.349 452.5 
453.9 
159.8 8668 0.002615 1440.68 3.767 0.422 3.150 1.379 3.268 441. 
8668 0.002615 1431.07 3.742 0.422 3.129 1.3701 3.246 438.6 
440.1 
159.9 8665 0.002583 1399.16 3.614 0.402 3.022 1.321 33.287 444.1 
8665 0.002583 1389.54 3.589 0.402 3.001 1.312. 3.263 440.9 
442.5 
163.3 8668 0.002615 1402.09 1 3.666, 0.373 3.066 1.341 3.596 485.9 
8668 0.002615 1388.26 1 3.6301 0.373 3.035 1.327 3.559 480.9ý 
1 1 483.4 
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i awe (ig) Transformer Data (Thin paper 0.051 mm) 
Sample. Viscometer Viscometer ETfl-u-x -e= Ct Conc. (c) nrel nc [n] DP Lab Book tube constant time (t) g/dI e/e' f Re erence TR(T)215 
Transform r Sample 3 B 6, thin pa )er (0.05 mm) 19-3.4 8685 0.002587 1471.52 3). 807 0.414 2.822 1.227 2.964 395.2 
8685 0.002587 1475.47 3.817 0.414 2.830 1.231 2.973 396.4 
395.8 
Transform r Sample 3 B 23, thin p aper (0.051mm) 
M 8660 0.002789 1106.07 -3.085 0.396 2.287 0.948 2. -3 94 19.3 8660 0.002789 1103.13 3.077 0.396 2.281 0.945 2.386 318.1 
33 18.7 
Transform r Sample 3 47, thin paper (0.051mm) 
115.33 8660 0.002789 1227.49 3.4233 0.474 2.862 1.247 2.630 355.4 
8660 0.002789 1220.58 3.404 0.474 2.846 1.239 2.614 353.2 
354.3 
12 L' 3 8660 0.002789 1188.91 3.316 0.438 2.772 1.203 2.747 371.2 
8660 0.002789 1183.84 -3.302 0.438 2.761 1.197 2.734 3,6 9.4 
1 3 70.3) 
125.3 3 8660 0.002789 1170.46 3.264 0.444 2.729 1.182 2.662 , 
355.0 
8660 0.002789 1173.01 3.272 0.444 2.735 1.185 2.669 355.8 
1 355.8 _ 
150.4 8660 0.002789 1335.5-3) 3.725 0.457 3.114 1.363 2.983 403.1 
8660 0.002789 1329.12 3.707 0.457 3.099 1.356 2.968 401.1 
8660 0.002789 1339.15 3.735 0.457 3.123 1.367 2.991 404.1 
402.8 
150.6 8662 0.002757 1432.78 3.950 0.467 3.303 
. 
1.446 3.096 418.3 
8662 0.002757 1427.47 3.936 0.467 3.291 1.440 3.085, 416. 
I I I I 
I 1 
1 4 17.6 
_j 
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Appendix 2 SEC Molecular Weight Data 
Cotton Paper 
Table 1 Molecular Weight data for Cotton Paper Aged in Air at 120'C 
GPCV Agge Mn IMP mm, Mz %,, Iz-1 Mz+I/Mw Mz/Mw Polvdispersity Mv 9 
reference (hours) 
152pointI4 0 234345 509046 555357 1091067 1660704 2.996 1.964 2.369 428656 1.129 
169point4 20.75 170879 800042 849308 2382133 3786771 4.458 2.805 4.970 316257 2.521 
169point-5 52.5 2246 12. 938247 919240 2466878 4006519 4.358 2.684 4.093 422070 2.072 
169point6 185.5 194226 653357 696865 1907989 3227805 4.632 2.738 3.588 413452 1.271 
15 5point 1 354-5 132410 272972 429648 1034915 1677203 3.904 1409 3.245 309746 1.046 
Ir 5point2 1150.5 63598 135366 269424 728177 1232422 4.574 2.703 
1 
4.236 
1 
217793 
1 
0.957 
155point5 2113 49691 76906 223701 689587 1218759 5.448 3.083 4.502 171444 0.887 
155pomt7 3648 42460 1 67047 40781 1 410804 1 3.789 2.221 2.553 221341 0.758 
Table 2 Molecular Weight data for Cotton Paper Aged in Air at 140'C 
GPCV Agge Nin NT MW Mz Mz+l Mz+I/Mw Mz/Mw Polydispersity Mv 9 
reference (hours) 
152pointI4 0 234345 509046 555357 1091067 1660704 2.991 1.964 2.370 428656 1.129 
167point9 15.5 235865 650265 748823 1897981 3117602 4.163 2.535 3.175 604839 0.887 
167pointIO 75 155217 313356 527169 1491703 2671138 5.067 2.829 3.396 434360 0.858 
156pointl 118 128286 241172 401097 967718 1579857 3.934 2.413 3.127 335709 0.820 
156point2 311.5 64599 118414 298173 865670 1434525 4.811 2.903 4.616 252984 0.850 
156point3 498.25 28424 69619 249350 1021502 1775951 7.122 4.097 8.773 43543 8.120 
156point4 837 30715 58539 157878 539268 955346 6.051 3.416 5.140 86481 1.510 
156point6 1659 1 11093 
1 
47072 213105 1116329 1926388 1 9.039 5.238 19.212 90826 1.110 
Table 3 Molecular Weight data for Cotton Paper Aged in Air at 1600C 
GPCV Agge MP mw mz NU+l ý&+I/Mw N4zJN4w Polydispersity Mv 9 
reference -ýK-O-Urs) 
152pointI4 0 234345 509046 555357 1091067 1660704 2.990 1.964 2.370 428656 1.130 
166pointI3 2 247032 649255 721666 1709003 2760141 3.825 2.368 2.921 588931 0.924 
166point2 .5 
72635 546330 601315 1584517 2651403 4.409 2.635 3.483 428296 1.014 
166pointl 5 -ý-. 75 171-506 490294 579797 1569925 2727468 4.704 2.708 3.381 451575 0.905 
166pointI4 18.25 96012 218256 403688 1195192 2117070 5.244 2.961 4.205 325444 1 
0.860 
166point3 27.5 103793 228475 418250 1170181 19675091 4.704 2.798 1 4.030 
340185 0.870 
166point4 70.5 71288 109829 376345 1306693 2236497 5.943 3.472 
5.279 232418 1.005 
166point5 100 64117 73242 392303 1617081 
2967058 7.563 4.122 6.119 239553 0.918, 
166point6 146 1 43065 1 64746 1 
250520 1 10011201 1700129 6.786 3.996 5.817 301511 1 0.630 
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Table 4 Molecular Weight data for Cotton Paper Aged in Oil at 120'C 
GPCV- F-ýA -o 
ge ge k fn 
- 
NT Njw mz Mz-1 Mz+I/Mw Mz/-Mw Polvdilspersity Mv 2 I 
reference (hours) 
- - 
- 
- 152pointI4 0 ý 34345 
- 
70 9046 
- 
555357 -TO91067 1660704 2.990 1.964 2.370 428656 1.13 
167point8 483 22479 8 
- 
733 075 
- - 
721106 1 1783330 2888827 4.006 2.473 3.208 587182 0.886 
147point6 2016 8114 1 TO 4872 336417 861274 1394562 4.145 2.560 4.146 271538 0.880 
147pointl 2616 91048 227553 353820 878856 1406438 3.975 2.484 3.886 288380 0.880 
147point2 3216 55613 187899 280701 781352 1295318 4.615 2.784 5.047 173174 1.210 
147point5 9960 41842 78701 185462 554186 985729 5.315 2.988 4.432 126710 1.030 
147point9 16392 41373 61666 144630 395359 711893 4.922 2.734 3-496 127675 0.860 
Table 5 Molecular Weight data for Cotton Paper Aged in Oil at 140'C 
GPCV -)L, -e "Vin Ne mw Mz Mz+l \lz+l/. Mw XWMw Polydispersity I 
Mv 0 C, 
I 
reference (hours) 
152pointI4 0 234345 1 509046 555357 1091067 1660704 2.990 1.964 2.370 428656 1.130 
165pointl 47.5 169856 566134 
1 
607052 1609722 2719682 4.480 2.651 
1 
3.574 402045 1.101 
165point2 73.5 160893 544416 521684 1359505 2343600 4.492 2.606 3.242 416252 0.900 
165point3 137 125007 553145 493727 1328480 2261921 4.581 2.691 3.950 402466 0.859 
165point4 286.5 152644 638717 511940 1318274 2240977 4.377 2.575 3.354 435238 0.840 
165point5 482.5 74194 195968 1 301266 859586 1493366 4.957 2.853 4.061 226313 0.982 
- 165point6 820 76210 170965 1 353541 1046688 1845152 5.219 2.961 4.639 294028 0.83 2 
Table 6 Molecular Weight data for Cotton Paper Aged in Oil at 160'C 
GPCV Age Nln N/IP mw mz Mz+l Mz+I/Mw Mz/Mw Polydispersity Mv 9 
reference (hours) 
152point14 0 234345 509046 555357 1091067 1660704 2.990 1.964 2.3704 428656 1.130 
160pointl 6 204480 608287 558429 1094823 1579401 2.828 1.961 2.731 438589 1.080 
167point7 12.5 191115 692770 659264 1718953 2843065 4.312 2.607 3.450 529961 0.876 
163point9 245 103958 464729 399993 1119918 2059128 5.148 2.800 3.848 306337 0.917 
160point2 24.5 140098 311144 449607 1010538 1570365 3.493 2.248 3.209 386993 0.880 
160point3 113 90093 257143 405466 1028660 1642338 4.051 2.537 4.501 295527 0.980 
160point6 T13-25 89406 194506 340518 910012 1532344 4.500 2.672 3.809 301902 0.830 
160point9 41 38175 73793 123558 315198 555819 4.4991 2.551 3.237 44449 5.120 
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Cotton Linters 
Table 7 Molecular Weight data for Cotton Linters Aged in Air at 120'C 
GPCV Aýge Nln 
- 
Nip 
- 
MkN I Mz Mz+l %lz-I/Mw MzJMw Polvdispersity Mv 9 
referaice (hours) 
152pointl3 0 25857 
- 
737421 78 i-O 7-4 1666506 2610809 3.343 2.134 3.02 435638 2.120 
169pointl 20.75 19271 2 870696 980336 2644972 4104094 4.186 2.698 5.087 401853 2.078 
169point2 52.5 157625 854225 898418 2525512 3918942 4.362 2.811 5.700 347817 1.988 
169point3 185.5 129691 730410 644464 1943420 3291603 5.108 3.016 4.969 427593 0.990 
149pointl 3 5,7.7, 
-5 58237 173840 249172 678231 1147902 4.607 2.722 4.279 234520 0.870 
149point3 1368 44914 99326 220786 667717 1171799 5.307 3.024 4.916 148238 1.050 
149point6 2448 37984 65026 155801 472476 867944 5.571 3.033 4.102 135987 0.790 
149point8 3648 
1 
35646 63749 139158 418525 776779 5.582 3.008 3.904 55360 3.330 
150pointl 5543 1 12042 43094 8867 4.823 2.755 7.363 -- T 671-60 1.080 
Table 8 Molecular Weight data for Cotton Linters Aged in Air at 140'C 
GPC'%, Age Nln Nfp p f N mw Mz Mz-1 Mz+l/. Mw Mz/Mw Polvdispersity Mv 0 
reference (hours) 
152point13 0 258579 737421 7 7 3 4 2 1 781074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
167point4 12.5 193022 7 673355 3 3 5 5 
1 
691439 1720861 2703882 3.911 2.489 3.582 520092 0.946 
167point5 26.5 99263 557036 456097 1388279 2452949 5.378 3.044 4.595 347492 0.887 
167point6 78 99916 243 324 447620 1414743 2591009 5.788 3.161 4.480 396083 0.78'8 
153pointl 1 118 83065 202211 340162 882653 1430019 4.204 2.595 4.095 260322 , 0.980 
157pointl 498.25 53166 78337 224880 706849 1272224 5.657 3.143 4.230 196955 0.820 
153point5 1659 31353 DVY/4 182582 693734 1132225 6.201 3.800 5.824 271316 0.740 
157point2 2130 35691 52921 315523 1410713 1 22646271 7.177 4.471 8.840 174259 0.930 
Table 9 Molecular Weight data for Cotton Linters Aged in Air at 1601C 
GPCV Age g Nin NT 
mw mz Mz+l Mz+I/Mw Mz/Mw Polydispersity Mv 9 
reference (hours) 
152pointl3 0 258579 737421 781074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
166point7 1.25 207314 736924 765727 1923101 13043775 3.975 2.511 3.694 513735 1.099 
166pointIO -ý -5 199849 735601 -681343 1710273 2766934 4.061 2.510 3.410 551561 0.893 
159pointI6 77 -5 183147 687657 538062 1093450 1601347 2.976 2.032 2.938 501023 0.890 
159point2 70.5 55460 129499 355124 1107632 1823591 5.135 3.119 6.403 260898 0.890 
159point3 100 38719 78342 290340 981108 1576906 5.431 3.379 7.499 185605 0.900 
159point5 360.5 52085 79072 364400 1579635 2682483 7.361 4.335 6.996 136915 2.320 
533 45117 55802 1 163041 1 602359 1232665 7.560 3.695 3.614 106063 1.470 
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4ý 
Table 10 Molecular Weight data for Cotton Linters Aged in Oil at 120*C 
GPC'\I' A g ' - g e Qn NIz MZ+j Mz+limw mzim w P01V -sp iy di ers t 
refe h rence ( ours) 
- - 152pointI3 0 258 579 737 421 781-074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
167point3 24.5 197770 766015 742154 1896549 3016121 4.064 2.556 3.753 545301 0.962 
146point-5 816 111925 643768 495468 1149948 1709645 3.451 2-321 4.427 355876 0.990 
146point6 1176 49618 148042 268080 831204 1533035 5.719 3.101 5.403 186779 0.960 
146point7 
1 1872 85,197 232682 349977 851254 1334822 3.814 2.432 4.108 281240 0.910 
146pointl 1 2619 69424 172922 272391 710438 1190180 4.369 2.608 3.924 244591 0.830 
146point8 8736 45646 79446 164092 447078 808787 4.929 2.725 3.595 126360 1.010 
146point4 9912 1 35763 1 59161 1 148045 1 458269 1 877214 5.925 3.096 4.140 113887 0.880 
Table 11 Molecular Weight data for Cotton Linters Aged in Oil at 140'C 
GPCV Agge N/lp NP mw NIZ Mz+l N/lz-l, /. M"- NWMw Polvdispersity Mv 0 
reference (hours) 
152pointl3 0 258579 77337744221 1 3 7 4 2 781074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
165point8 73.5 84982 999 4999122 9 9 9 1 2 I 395653 1195803 2152077 5.439 3.022 4.656 329789 0.847 
165point9 137 84988 204830 0 4 8 3 0 
g 
329396 903550 1578070 4.791 2.743 3.876 300438 0.824 
165pointlO 286.7 82413 214356 350749 989940 1718317 4.899 2.822 4.256 303775 0.820' 
165pointI2 744.7 31627 7 51 74651 156715 485055 901708 5.754 3.095 4.955 133816 0.815 
165pointI3 1105.5 39294 106288 106288 200890 620530 1121842 5.584 3.089 5.112 163457 0.8 
165pointI4 2432 31830 54973 54973 113137 284339 521450 4.609 2.513 3.554 99149 0.929 
Table 12 Molecular Weight data for Cotton Linters Aged in Oil at 160'C 
GPCV Agge Mn MP MW mz Mz+l Mz+I/Mw Mz/Mw Polydispersity mv 0 IV, 
reference (hours) 
152pointI3 0 258579 737421 781074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
167point2 13 198091 813091 768699 2016704 3223633 4.194 2.6249 3.881 6532091 0.822 
163pointIO 24.5 96227 227412 382958 1056590 1828825 4.776 2.759 3.980 310700 0.867 
140point3 113 57135 172076 305308 879865 1450344 4.750 2.882 5.344 232491 0.780 
140point6 213.25 7375 63391 118444 309451 586145 4.949 2.613 3.169 103254 0.840 
140point9 -596 
36978 59000 1 93643 1 200228 1 334793 3.575 2.138 2.532 106693 0.740 
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Other Data Sets 
Table 13 Molecular Weight data for Cotton Linters Aged in Vacuum at 160'C 
GPCN, 
--ýge 
- - 
\h, 
- 
Mz MZ-1 Mz+l, 'M-w Mz/M. w Polvdispersity Mv 0 
reference ýý Ours) 
152pointI3 0 258579 737421 781074 1666506 2610809 3.343 2.134 3.021 435638 2.120 
163pointl2 47.2-5 1 90131 
1 
1083026 760664 2010211 3317402 4.361 2.643 4.001 603689 0.888 
163pointl 1 187.75 71615 153292 466809 1659533 2923126 6.262 3.555 6.518 273292 1.055 
163pointI3 359.25 44175 93793 278838 1192527 2191532 7.859 4.277 6.312 73654 5.789 
163pointI4 503.5 72103 96697 319 69 1173674 2198295 6.875 3.670 4.435 373848 0.683 
163pointI5 865 34185 82765 99703 212674 367644 3.687 2.133 2.917 91861 0.748 
Table 14 Molecular Weight data for Cotton Paper Aged in Air at 160'C 
Derivatised Sample Preparation 
GPCV Age Nin M'A' mz Mz+l Mz+l/Mw Mz/Mw Polydispersity Mv JI-11 
reference (hours) 
171point5 2 120492 1534007 1792294 5905442 9402135 5.246 3.295 14.875 620413 1.562 
171point2 1 27.5 325512 860116 1818675 6161898 10969888 6.032 3.388 5.587 1218811 0.893 
171point3 70.5 43526 522443 2105714 11111789 21459098 10.191 5.277 48.378 224250 3.646 
171point6 100 224378 
1 
584230 3858444 22774108 45766874 11.861 5.902 17.196 1867477 0.905 
SEC Processing Method 
The following two pages contains an example of one of the processing method for SEC Z: ý 
analysis. 
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Processing Method: pgl39revised-Vo-Vt 
Millennium Q. 10 
Date Printed: 11: 3 6: 43, November 22,1996 
Method Name: pg139revised Vo Vt 
Date Created: 08/05/96 12: 'ý9: -d7 
Method Type: GPC 
GPC Parameters 
GPC Technique Universal Calibration 
Fit 3rd Order 
Vo 22.710 ml, min 
Vt 39-660 ml, min 
X-axis Volume (ml) 
Flow Rate 0.721 ml/min 
Std Reference Peak False 
Unk Reference Peak False 
Ref Peak RT 0.001 min 
Ref Peak RT Window 1.000 2-1 
Mol Wt Marker 1 Daltons 
Mol Wt Marker 2 Daltons 
Mol Wt Calib Order High to Low 
Axial Disp. Corr. 0.000 ml, min 
Concentration Start 27.000 min 
Concentration End 55-000 min 
Front Conc Thres 15.000 
Back Conc Threshold 15.000 
Viscosity Start 27.000 min 
Viscosity End 55.000 min 
Front Visc Thres 15.000 % 
Back Visc Threshold 15.000 ý; z 
Visc. Data Fit Type lst Order 
Narrow Integration Parameters 
Minimum Area 0 uV*sec 
Minimum Height 0 uv 
Touchdown 50.000 uv/sec 
Peak Width 30.00 sec 
Narrow Integration Events 
Start I Stop # Event (min) (min) 
0.000 lInhibit Integration 27.000 
2 55.000 lInhibit Integration 90.000 
Broad Integration Parameters 
Threshold 25.000 uV/sec 
Peak Width 360.00 sec 
Broad Integration Events 
# Start Event stop (min) (min) 
0.000 Inhibit Integration 27.000 
2 55.000 Forward Horizontal by Time 90.000 
Viscomet? y Narrow Integration Parameters 
Minimum Area 0 uV*sec 
Minimum Height 0 uv 
Touchdown 50-000 uV/sec 
Peak Width 30.00 sec 
Viscometry Narrow Integration Events 
start Event 
Stop 
(min) (min) 
0.000 ýInhibit Integration 
' 27 000 
ibit Integrati 2 55.000 Inh on 
ýý90.000 
ý 
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Viscometry Broad Integration Parameters 
Threshold -'5-000 UV/sec 
Peak Width 360.00 sec 
Viscomeu7- Broad Integration Parameters 
start Event stop (min) (min) 
0.000 Inh-, bit Integration 27.000 
55.000 Inhibit Integration 90.000 
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Table 7 Cotton Paper Aged at 120'C in Air 
Age 
Hours 
Degree Of Polymensation Average Degree 
of Polymensation 
0.0 1140 1138 1139 
20.8 1015 1015 
52.5 950 950 
90.3 881 881 
189.5 820 820 
354.8 691 691 
1150.5 375 375 
_1368.0 
341 341 
1681.0 279 279 
2016.0 244 244 
2448.0 232 232 
3 . 3648.0 165 165 
554 33.0 151 151 
9214.0 147 147 
10010.0 129 129 
Table 8 Cotton Paper Aged at 140'C in Air 
Age 
Hours 
Degree Of Polymensation Average Degree 
of Polymerisation 
0.0 1140 1138 1139 
15.5 925 925 
26.5 859 859 
48.8 707 707 
78.0 653 6 53 
118.0 500 500 
311.5 309 309 
498.3 250 250 
837.0 195 195 
1178.0 172 172 
1659.0 155 155 
1818.3 140 140 
1969.0 137 137 
2130.0 127 127 
2466.5 130 130 
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Table 9 Cotton Paper Aged at 160'C in Air 
Age 
Hours 
Degree Of Polymensation Average Degree 
of Polmerisation 
0.00 1140 1138 113) 9 
1.08 1012 1012 
1.42 1012 1012 
2.00 1098 977 Oll 1 18 
2.50 840 840 
2.58 979 979 
4.00 904 861 883 
6.50 735 781 758 
8.75 795 795 
18.25 583 1 583 
27.50 520 501 510 
70.50 33 21 317 319 
100.00 251 243 247 
146.00 178 176 177 
360.50 157 157 
456.00 150 150 
533.00 141 141 
789.00 14 3) 1338 140 
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Table 13 
Table 14 
Cotton Linters Aged at 120'C in Air 
Age 
Hours 
Degree Of Polymerisation Average Degree 
of Polyrnensation 
0.00 1422_ 1422 
20.75 1098 _ 1098 
52.50 1119 1119 
90.25 849 849 
189.50 791 791 
354.75 "7 53 497 517 
1150.50 346 300 323 
13368.00 n 319 3) 17 I 318 
1681.00 -321 3.3 0 326 
2016.00 291 264 277 
2448.00 244 241 242 
164.50 244 238 241 
3648.00 216 205 211 
3864.00 227 202 214 
55 433.0 0 179 182 180 
6214.00 179 177 178 
10010.00 166 156 161 
Cotton Linters Aged at 140'C in Air 
Age 
Hours 
Degree Of Polymerisation Averac,, e Degree 
of Polymerisation 
0.00 1422 1422 
15.50 1010 1010 
26.50 673 673 
48.75 539 539 
78.00 554 554 
118.00 543 543 
-311.50 
320 320 
498.25 277 277 
837.00 204 204 
1178.00 189 189 
1659.00 174 174 
1818.25 171 171 
1969.00 162 162 
2130.00 163 16 -3 72ý4ý66.5O 154 154 
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Table 15 Cotton Linters Aged at 160'C in Air 
Age 
Hours 
Degree Of Polymerisation Average Degree 
of Polvrnerisation 
0.00 1422 1422 
1.08 1248 1248 
1.42 1115 1115 
2.00 1093 1093 
2.50 904 904 
2.58 857 857 
4.00 880 880 
6.75 869 846 858 
8.75 588 588 
18.25 594 594 
27.50 584 584 
70.5 3) 74 374 
100.00 290 290 
146.00 201 201 
360.50 184 184 
456.00 172 172 
5 33 33.00 162 162 
789.00 152 152 
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Appendix 4 
Appendix 4 Apparatus and Reagents 
Cellulose sources Tuffis Russell all wood natural Kraft insulating paper (0.124mm) 
Code- 125K40, MN 4.3 3201 Rio. 
Whiteley Elephantide Grade 3 Cotton paper (0.1 -3 )3 mm) 
Cotton linters 
Solvents, Castrol Insulating.,; Oil,. BS 148/1984 Class 1,, Batch 2512 
Dimethylacetarnide, Aldrich HPLC grade 27,055-5 
Methanol, Fisons IIPLC grade NV4056/17 
Ethylenediamine, Aldrich E2-626-6 
Pyridine, Lancaster 
Phenylisocyanate 
Hydrogen peroXide. '30% volume (aq), Fisons HJ1800/08 
Cupriethylenediamine solution (Cuen), Vickers Chemicals 2438 
Reagents, Lithium Chloride anhydrous, BDH 29067 
Cadmium Oxide,, Aldrich 24,. 478, -, 5 
Sodium Hydroxide pellets, Fisons S/4920/53, dissolved to give 20% wt 
solution in distilled deionised water 
Polysaccharide narrow Molecular Weight Standards, Polymer 
Laboratories. 
Polystyrene Broad Molecular Weight Standard, NBS 706. 
A Apparatus, Whatman Nlini-stirrers were used for mixing, , the solutions, at 4T in a 
fiidge. 
MSE NEstral 1000 centrifuge was used to separate solvent and ZZ) 
cellulose,, the solvent was pippetted off leaving the wet cellulose pulp. 
Grade 2 sintered filter was used to separate the paper and solvent. 
Size Exclusion Chromatography - Waters 150 -CV,, incorporating a 
refractive index and viscometer detector. 
A Waring Commercial blender plus mini-adapter (MC2) was used to 
pulp the paper. 
Karl Fischer water analysis, Nfitsubishi 
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Oxygen meter, Systech CID 
11igh Performance Liquid Chromatography, Nffilab auto station 
(sample preparation and auto sampler, pump gradient system, (660E), 
Water 996 diode Array detector and Milenium. 2.1 software. 
Degree of Polymerisation equipment, 
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